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Abstract 


An experiment has been recently set up in the hydrodynamics laboratory to study the flow 
of fluid around a circular barrier. In a rotating spherical shell of liquid, a small cylindrical 
obstacle is moved zonally in mid-latitudes and observations are made of the resulting 
perturbed flow. If the flow relative to the obstacle is westerly, a strong anticyclonic circu- 
lation is set up faround the barrier and wave motions exist around the globe. When the basic 
flow is easterly with the same relative speed, no circulation is found, but the wake is very 
long and broad and the fluid in it has little motion relative to the obstacle. When viewed with 
respect to the shell, the obstacle moving eastward creates a strong westerly jet at its latitude. 


Pro” Rk E NI NG BıN 


I. Introduction 


The following note contains some very 
preliminary results of a new experiment in 
the hydrodynamics laboratory of the Uni- 
versity of Chicago. This experiment was 
designed to simulate the flow of air around a 
circular mountain on the earth. 

Some previous work in this laboratory con- 
cerned the dynamics of a fluid polar vortex 
moving on the earth or in a rotating spherical 
shell. The first results of this work have been 
described by Futtz (1950). One of the factors 
of importance in this problem involved the 
pressure force exerted by the surrounding 
fluid on the boundary of the vortex. Since a 
knowledge of this force requires, in general, 
a prior knowledge of the fluid motion in the 
environment, a search was made to discover 
the nature of the flow around circular obstacles 
immersed in a uniform zonal current. A 
study by STEWART (1948), involving this 


* The research resulting in this work has been spon- 
sored in part by the Geophysical Research Directorate 
of the Air Force Cambridge Research Laboratories. 
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type of motion in a steady state, introduced 
assumptions which were too severe in our case 
due to the great size of the vortex compared 
to the earth model. A paper by ERTEL (1943), 
however, suggested that a solution could be 
obtained on a sphere by using certain of the 
harmonic components of the wave motion 
in a zonal current.! Due to various complica- 
tions the knowledge of the pressure forces 
computed from this theoretical motion was 
not particularly useful in an interpretation of 
the polar vortex experiments. It was decided, 
however, that the environmental motions were 
of independent interest and that a new experi- 
ment should be set up to study these motions 
in the laboratory. 


1 This solution was found prior to our work (Long) 
by ©. C. Lin of the Massachusetts Institute of Technology. 
Dr Lin kindly provided us with a copy of a manuscript 
of this work which was unpublished at that time. These 
solutions of the vorticity equation are related to those 
given by S.M. NEAMTAN, 1946: The motion of harmonic 
waves in the atmosphere, J. Meteor., 3, 53—56. 
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Fig. 1. Spherical apparatus adapted to the obstacle 
experiment. 


2. Description of the apparatus 


The experimental apparatus is the same as 
that used in the polar vortex work and in 
certain experiments on the general circula- 
tion (FULTZ, 1949). It consists of two con- 
centric hemispheres of mean radius 10 cm 
with water filling the space between them. This 
shell has a depth of 1.6 cm. The two bowls 
are rigidly connected and are rotated as a 
unit by an outer shaft. After a sufficiently 
long period of rotation, the water moves as 
a solid at the same angular velocity as the 
bowls. Fig. 1 is a picture of this apparatus. 
The obstacle in this photograph is a cylindrical 
piece of wood of angular radius 10 degrees of 
latitude, shaped to the curvature of the outer 
and inner spheres. Up to the present time its 
center has m kept at 45 ae latitude. It 
fits rather snugly between the two bowls but 
is loose enough to move relative to them. The 
obstacle is connected by a thin arm to a shaft 
within the one used to rotate the bowls. The 
inner and outer shaft are driven by two 
different motors so that the sphere and the 


De 


obstacle rotate independently. Thus the obstacle 
can be given any desired zonal motion relative 
to the basic rotation of the bowls. 

Several different interpretations of the 
experiment are kinematically possible. Thus 
the motion may be viewed relative to the 
obstacle and the problem interpreted as that 
of the Aow-around a stationary circular 
mountain extending through the entire atmos- 
phere. In this case if the cylinder is moved 
faster than the bowls it will appear as though an 
east wind is flowing past the obstacle. If it is 
moved slower than the bowls a relative west 
wind is effectively created. On the other 
hand the motion of the fluid may be viewed 
relative to the spheres and interpreted as the 
escape motion around a moving circular 
cylinder. It is not strictly correct to go from 
one interpretation of the experiment to the 
other by addition or subtraction of a constant 
angular velocity. Among other points the 
“no-slip” boundary condition at the bowl 
surfaces is always present. Mechanically speak- 
ing, however, it is much easier to arrange to 
move the cylinder relative to the shell than 
to generate a simple zonal current relative to 
the spheres. We have actually checked this 
interpretation to some extent by rotating both 
obstacle and bowls together. We then slow 
them down or speed them up suddenly in 
unison. When this is done the water maintains 
its angular momentum for quite some time 
and moves past the barrier. We have found 
that the features of the flow described below 
are still present. 


3. Observing techniques 


The motion of the water must be made 
visible by putting some sort of foreign element 
in the fluid to serve as a tracer. This presented 
many difficulties which have not yet been 
overcome in our particular case, but the most 
satisfactory tracer was found to be an alumi- 
num tristearate powder from F. Stresen-Reuter 
Co. Although the particles are ordinarily too 
small for photography, some sodium hy- 
droxide mixed in the water causes them to 
hydrolyse into a partial precipitate of alu- 
minum hydroxide. The particles swell and 
aggregate into sizeable lumps which are then 
easily visible. We have not been successful 
yet with the usual aluminum powder types 
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of internal tracers. The motion of the water 
seems to be too slow to hold the samples we 
have tried in good suspension. 

The motion relative to the rotating sphere 
is observed both visually and photographically 
by using a rotoscope modelled after that 
designed by D. Thoma (Furrz, 1950). This 
consists of a Dove reversing prism fixed in 
a rotating barrel. The line of sight is placed 
along the axis of the rotating object. Since the 
image in the prism rotates twice during each 
revolution of the prism itself, either the bowls 
or the revolving cylinder will appear stationary 
if the barrel is turned one-half their rate of 
rotation. Fig. 2 is a picture of the spherical 
apparatus as seen through this instrument. 


4. Description of observations 


The actual observations are quite meager at 
this time and, aside from a few photographs, 
are qualitative in nature. Moreover, unless a 
somewhat different technique is used, roto- 
scope observations are not possible at latitudes 
lower than about 30 degrees. The following 
description then, is subject to change in detail 
although the general pattern is well established. 

Fig. 3, 4 and s are a sketch and two 
photographs of the flow relative to the obstacle 
for a basic west wind current. In these and in 
the following figures the north pole is at the 
center of the picture. Westerly winds flow 
counterclockwise and easterly winds, clock- 
wise. Although the sketch is largely schematic 
the spacing between the streamlines is a 


Fig. 2. Spherical apparatus as seen through the rotoscope. 


Fig. 3. Schematic sketch of the flow relative to the obstacle 

in the west wind case. The north pole is at the center of 

the drawing and the region south of 30 deg. latitude is 
omitted. 


rough measure of the speed of the flow. In 
this case and in the case of a basic easterly 
flow, the ratio of the angular velocities of the 
obstacle and the bowls is about 0.07 to 0.20. 
The general features, however, are largely 
unaffected by wide variations of bowl speed 
and relative obstacle speed. Up to the present 
time the bowl has been rotated in a range of 
Ts to IIS T pm. 

The most significant point, perhaps, is the 
strong anticyclonic circulation around the 
barrier.! As seen in the sketch, a broad north- 
erly current exists east of the obstacle and 
curls to the south so that a stagnation point 
is located on the southern side. The region 
southeast of the obstacle is a narrow stagnation 
zone with small eddies but no significant 
motion. On either side the fluid motions are 
quite strong. The waves that are set up in the 
rear are most pronounced when the relative: 
zonal flow is high. When the cylinder is 
moving slowly, they are damped out by vis- 
cosity even faster than shown in the drawing. 
If the relative speed of the obstacle is in- 


1 “Circulation” is used here in the hydrodynamic 
sense of the line integral of the tangential velocity around 
a contour enclosing the cylinder. 
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Fig. 4. Photograph of a relative westerly flow past the 
obstacle. The general direction of flow is counterclock- 
wise. 


creased sufficiently, the wave number changes 
from three to two and finally to one. 

The relative anticyclonic circulation around 
the cylinder is very strong. À rough estimate 
would be one-quarter to one-half of the 
absolute circulation about the cylinder corre- 
sponding to the basic bowl rotation. When 
the cylinder is started from relative rest, the 
escape motion resembles potential flow for 
a very brief period of time. In less than one 
second, however, the anticylonic circulation 
is well established. 

The photograph in figure 4 brings out most 
of the features in the sketch. This was taken 
. with a one-fifth second time exposure with 
the motion of the obstacle subtracted out by 
the rotoscope. The speed of the bowl was 
close to 75 r.p.m. and the obstacle was moving 
about 8 r.p.m. relatively. The wave number 
in this case is three. The anticyclonic circula- 
tion around the obstacle is not as impressive 
as it is visually. The strong flow around the 
northern half can be seen En the southeast 


Fig. 5. Photograph of a relative westerly flow past the , 
obstacle. The general direction of flow is counterclock- 
wise and is about twice as strong as in figure 4. 


quadrant appears almost completely stagnant. 
Actually the fluid is still moving the 
southwest in this region but too slowly to 
register streaks on the film. Fig. 5 shows the 
effect of increasing the relative obstacle speed. 
It is moving at 63 r.p.m. in this picture, while 
the bowl is rotating at 76 r.p.m. The wave 
number is now two but the wave west of the 
obstacle is weakening and would not be pres 
ent for somewhat higher relative west winds.! 
Fig. 6, 7 and 8 show the case of an east 
wind. The situation is somewhat more con- 
fused and because of the lack of quantitative 
data it is difficult to draw an accurate picture 
of the flow relative to the obstacle for the 
entire hemisphere. Instead, figure 6 shows 


1 Very recent experiments have revealed that the 
wave number is a function of the ratio of the rela- 
tive obstacle speed to the bowl speed. This relation- 
ship is very close to that given by a frequency 
equation for planetary waves in HAURWITZ, B., 1940: 
The motion of atmospherical disturbances on the spheri- 
cal earth. Journ. of Marine Research, 3, pp. 254—267. 
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Fig. 6. Schematic sketch of the flow relative to the 
obstacle in the east wind case.! 


this flow in the vicinity of the obstacle and 
fig. 7 is the flow relative to the bowl. It is 
apparent that there is no circulation around 
the barrier in this case. There is, moreover, a 
broad region of fluid that has almost no motion 
at all relative to the obstacle. This zone is as 
wide as the obstacle and extends almost 
around the globe. This feature is shown in 
fig. 7 where the zone appears as a marked 
westerly jet when viewed with respect to 
the bowl. 

Fig. 8 is a photograph of the east wind 
case. Here the motion of the bowl has been 
subtracted out rather than the motion of the 
obstacle. This was also taken with a one-fifth 
second time exposure: The speed of the 
bowl was 76 r.p.m. while the obstacle moved 
_at 83 r.p.m. 

The two cases are thus quite dissimilar. The 
circulation in the westerly case is absent in 
the easterly case. In the latter the obstacle is 
very efficient in dragging the fluid in its path 


1 It will be noted that Fig. 6 is not quite con- 
— sistent with Fig. 7 in front of the obstacle. However, 
the streamlines are quite approximate and it is very 
difficult to estimate their form in the coordinate sys- 
tem moving with the cylinder. The frictional slowing 
= of the west wind band (relative to the spheres) far 
from the cylinder produces some streaming around the 
front depending both on the basic and relative angular 
velocities but this is hard to observe precisely. Pos- 
sibly the streamlines directly in front of the obstacle 
should be more widely spaced and should refract where 
they meet the north and south boundaries of stagna- 
tion described for Fig. 7. 
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Fig. 7. Schematic sketch of the flow relative to the 

spheres when the obstacle is moved eastward. The 

north pole is at the center of the drawing and the region 
south of 30 deg. latitude is omitted. 


along with it. In the westerly case there is 
little tendency for this phenomenon to occur 
except at very high relative obstacle speeds. 
That these features are due to the basic rota- 
tion of the fluid is quite certain. Preliminary 
experiments show that they are absent when 
the bowl is held stationary and the obstacle 
is moved slowly in either direction. 

In the easterly case early experiments showed 
that in addition to the westerly jet relative 
to the bowls in the latitude band of the ob- 
stacle, a secondary westerly jet appeared at 
about 72 deg. latitude. Fig. 9 is a photograph 
showing both jets. Further investigation re- 
vealed that this was caused by a widening of 
the space between the two bowls in the vic- 
inity of the pole. Thus the inner bowl is 
spherical in shape over the entire hemisphere. 
The outer bowl loses its spherical shape, 
however, from about 70 to 90 deg. latitude 
where it is joined to the outer shaft. The 
distance between the two bowls is close to 
1.6 cm, then, except for the 70 to 90 deg. 
latitude belt where this distance is about 2.5 
cm. When the cavity in the outer bowl was 
filled in with aquarium cement, the widening 
of the space between the bowls was eliminated 
and the secondary jet no longer appeared. 

Apparently the secondary jet is caused by 
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Fig. 8. Photograph of flow relative to the hemispheres 

when the obstacle is moved eastward. In the latitude 

band of the obstacle the flow is generally counterclock- 
wise. 


an accumulation of cyclonic relative vorticity 
around the pole. Fluid columns entering this 
region from lower latitudes are stretched 
vertically and horizontal convergence results. 
This causes a local increase in vorticity in 
this region in excess of that due to solid rota- 
tion. The circulation theorem then requires 
that there be a westerly eirculation around 
latitude circles near the pole. 


5. Theoretical remarks 


Very little progress has been made yet to 
explain the above observations. Some of 
the details seem to be viscous phenomena and 
these always present great difficulties. A 
description may be given, however, of the 
inviscid solution mentioned in the iithdues 
tion. As is well known in two-dimensional, 
incompressible, steady motion the streamlines 
are lines of constant vorticity. When applied 
to the earth this can be written: 


Fig. 9. Photograph of flow relative to the hemispheres 


when the obstacle is moved eastward. The secondary 
west wind jet near the pole is due to a local widening 
in the thickness of the sphericel shell. 


¢= H(¥) (1) 


and 


€=20sn0.4 PC (2) 


where © is latitude, Ÿ is the streamfunction 
of the relative motion, a is the radius of the 
earth and & is the absolute vorticity. The 
operator /\ is given by 


I a? I 0 d 
A= cos? © dg? © cosO 00 (cos 0 5). 


Although the arbitrary function of W is not 
nous we will assume that it is linear. Then 


AP + 20 a sn = kV. (4) 


If the basic current is one of solid rotation 
about the polar axis with an angular velocity 
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wz relative to the circular barrier, the general 
solution. is 


oo 
P = — ao, sin 9 + 2 (A, cos sy, + 


s=o 
+ B, sin s @,) SS (s) 


where SS, satisfies 


d d ss, 
d sin ©, aati dsin ©, 
+{n+— ase } Si 0. (6) 


In these equations ©, and y, are latitude and 
longitude measured with respect to a north 
pole at the center of the barrier. n is given by 


nn +1) = 2 tat al Rak Ww) 


Wz 


Evidently n need not be an integer and may be 
complex if the basic zonal wind is easterly 
(wz < 0). In the case of integral n, S% is an 
associated Legendre polynomial. 

According to the kinematic boundary 
condition to be applied shortly, s can only be 
o and 1. In addition it is easily shown that in 
the new coordinates, 


sin © = sin ©, sin « — cos O, cos x cos p1 (8) 


where « is the latitude of the center of the 
obstacle. The solution becomes 


WY = — a*w, {sin O, sin « — 
— cos 9, cos « cos pi} + Ay SR + 
+ A, Si.cos gy, + B, S} sin 9. (9) 


Since Y is constant on the boundary we obtain 


finally 
= BP Oe { sin O, sin & — 


cos ©, cos X cos Py 


Si (Oo) 


— cos À, cosa cos Pi + 


-S1(0,) + AS? (0) \ (10) 


A is arbitrary and ©, is the value of ©, at the 
boundary. The determination of A requires a 
knowledge of the circulation of the fluid at the 
solid boundary. If 7" is this circulation 


PR l'— 27 a* wz cos? ©, sin « 
27.420. c08.9,'5, (O4) w 


(11) 


~The form of the motions given in equation (10) 


cannot be described in detail in this brief paper. 
For a west wind and integral n they can easily 
be deduced and for non-integral n a reasonable 
interpolation can be made. The flow consists 
of wave motions over the entire sphere with 
a closed streamline at the boundary of the 
cylinder and other centers at various parts of 
the globe. In the case of an .east wind, the 
solution of equation (6) involves conal har- 
monics! which are not tabulated. The solution 
in the vicinity of the boundary, however, is 
closely given by Bessel functions of an imagi- 
nary argument. These functions decrease 
rapidly with distance from the boundary so 
that the perturbed motion is not wave-like 
but instead drops off rapidly and steadily to 
zero with distance. 

It would appear that the experimental 
results are not in disagreement with the 
theory, at least to the extent that wave motions 
exist in the westerly case and are not visibly 
present in the easterly case. Some of the 
experimental features that are absent in the 
theory may well be a result of viscosity 
effects. It seems possible that there may be 
analogies between the appearance of the 
anticyclonic circulation and the problem of 
the lift exerted on an air foil. If so, the basic 
rotation may play a role comparable to the 
form and orientation of the air foil. 


6. Future plans and suggestions 


As is evident from the meager nature of 
the results above, there is much theoretical 
and experimental work left to do. In addition to 
obtaining quantitative data on all the aspects 
of the motion the effects of changes in size, 
height, shape and position of the obstacle must 
be studied. Detailed information should be 


1 See, for example, Prasap, G. ,A Treatise on Spherical 
Harmonics and the Functions of Bessel and Lamé, Part II, 
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acquired regarding the influence of changes 
in the angular velocities of the bowl and the 
obstacle, and of changes in viscosity. Finally, 
we will put a rigid cover at the equator in 
order to eliminate the free surface that is now 
present. This step is a necessary one in de- 
termining the nature of the waves that are 
observed in the fluid. 

There are several general implications 
connected with this experiment. According 
to private advice from Prof. H. RırHr, the 
flow of a westerly current past the obstacle 
shows a pattern which strongly resembles the 
normal high altitude pattern around and 
east of the Himalayan massif in Asia. In 
addition, it is conceivable that in the at- 
mosphere an air mass could serve as a barrier 
of the magnitude of the one used in this 
experiment. One type that comes to mind 
is the warm, blocking high pressure system 
of high and middle latitudes. 

In the realm of hydrodynamic instability 
is the problem of the formation of the wakes 
behind the obstacle. As seen above, there are 
velocity discontinuities or vortex sheets on 
either side of the wake when the cylinder is 
moved eastward. There is only one such 
surface when the obstacle moves westward. 
The vortices that form on these surfaces at 
various velocity conditions resemble those in 
diagrams by ROSENHEAD (1931). The long 
wake and associated discontinuity surfaces 
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in the eastward case resemble the ‘‘free stream- 
lines” of Helmholtz (Lams, 1932). The fact 
that they can develop in this experiment is 
an indication of the stability conferred by the 
rotation. In this connection the work on the 
stability of curved flow begun by RAyLEIGH 
(1917) and reviewed by WATTENDORF (1935) 
should be useful. 

Finally it might be of interest to extend 
these experiments with a view to completing, 
for rotations, the picture of the wake motion 
behind cylinders and air foils (GoLDsTEIN, 
1938). For example, the question of the man- 
ner in which vorticity is shed might be illu- 
minated by comparison with the rotational 
case which seems to intensify some aspects 
of the occurrences!. Somewhat similar work 
has been done by Bouasse (1939) who moved 
cylinders around in a resting annular ring of 
liquid. He found, for example, that under 
conditions that might ordinarily give rise to 
a Karman street, the vortices on the inner 
side were suppressed. In this connection we 
intend to carry out corresponding work 
with obstacles moved relative to a rotating 
disk of fluid. Intercomparisons should be 
fruitful in choosing between various hypo- 
theses as to the detailed mechanics of the 
motions both in the spheres and the disks. 


1 In our experiment the Reynolds number for the 
relative motion of the cylinder ranges between soo 
and 2,500. 
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Aeromagnetic Survey of Vertical Intensity over the Sound 
with Apparatus of the BMZ Type 


By ASGER LUNDBAK, Danish Meteorological Institute, Copenhagen 


(Manuscript received 10 February 1951) 


Abstract 


An attempt was made to measure the magnetic vertical intensity over a sea area and, in 
part, over land with an apparatus of the BMZ-type suspended in a special way in an air- 


craft. 


Some control measurements were made, and the conclusion was drawn that under 


certain conditions, which can easily be complied with, an accuracy of the individual 
measurements of about + 20 gammas can be obtained. 


It may be seen at once that magnetic meas- 
urement from an aircraft, if at all possible, 
implies considerable advantages, notably over 
sea or town areas. It is quick, and it may be 
made more or less independent of local anom- 
alies, according to the height of the level 
chosen for making the measurements. If it is 
especiaily the vertical component Z, that is to 
be measured from the aircraft, not only the 
Z-component itself will be ascertained, but 
also there will be an opportunity of cal- 
culating the X and Y components (or H and 
D, if preferred), as was shown by D. C. 
SKEELS and R. J. WATSON (1949). 

An attempt was made to measure Z 
means of an apparatus of the BMZ type (La 
Cour 1942) suspended in gimbals in an air- 
craft. Additional precautionary measures were 
taken in order to ensure as good results as 
possible. 

Without entering further into the technique 
of the apparatus, which should not be 
regarded as quite final, the following 
particulars concerning the practical execution 
of the measurements will be given: Measure- 
ments were made on February 22 and March 
28, 1950, at altitudes of 4,000 m and 500 
m, respectively, along a line, 40 km in 
length between the fort of Trekroner near 
Copenhagen and the castle of Kronborg at 
Helsingor (see Fig. 2). At the higher altitude 
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measurements were made on a northward as 
well as on a southward flight, the BMZ 
telescope being directed towards the magnetic 
north and the magnetic south respectively (cf. 
below the remarks on scale values). In addition 
to the route southward from Kronborg, on 
March 28 measurements were also made on 
five routes running at right angles to it, viz. 
across the Sound (see Fig. 1); namely three 
routes running from the west towards the 
east (BMZ telescope oriented towards the 
magnetic north) and two routes traversing the 
Sound from the east towards the west (the 
BMZ telescope turned towards the magnetic 
south). 

Checking the accuracy of the measurements 
is, of course, not easy if the measurements are 
made over the sea, but easier if they are made 
over land. However, at the time of the first 
flight the visibility over land was hampered 
by a cloud-cover approaching the area from 
the west. A concurrent cause why most of the 
measurements were carried out over the sea, 
viz. the Sound, was the interest that must 
attach to a direct connection between Swedish 
and Danish Z-measurements on either side of 
the Sound. 

The normal procedure in employing a BMZ 
apparatus is to create a zero field (LA Cour 
1942); full compensation for the earth’s 
vertical magnetic field at the position of the 
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Fig. 1. The results of all observations at the height of 
soo m on March 28; the figures indicate the excess in 
milligauss over 450 milligauss and have been reduced 
to 454.5 milligauss for Rude Skov (normal value about 
January 1, 1949). The routes flown are indicated by 
broken arrows. The points at which observations were 
made along these routes are indicated for the southward 
and northward routes by the small circles, while for the 
transverse routes they are located immediately below 
or immediately above the integers. 


balancing magnet being ensured when the 
reflection of the balancing magnet is seen in 
the same place (the neutral division) when the 
BMZ telescope is turned alternately towards 
the magnetic north and towards the magnetic 
south. As regards the measurements carried 
out from the aircraft the procedure was some- 
what different. If the scale value of the position 
of the reflection in the telescope’s field is 
determined and if one may assume that the 
neutral division does not change during the 
measurements, the Z-value which gives the 
neutral position can always be readily com- 
puted. With BMZ:4, which was used on Fe- 
bruary 22 at an altitude of 4,000 m, the scale 
value per division was 20 gammas (0.2 milli- 
gauss) for a northward orientation of the 
telescope and 8.5 gammas for a southward 
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Fig. 2. Same area as shown in Fig. 1; all figures are derived 

from ground measurements. The true values (valid about 

January 1, 1949) are 450 milligauss plus the figures in- 

dicated. The accuracy of the values ranges about + 0.1 
milligauss. 


orientation. With BMZ:;, used on March 28 
at an altitude of soo m, the scale value was 
47.5 gammas for the northward position and 
6.5 gammas for the southward position. 

In order that measurements of this kind 
should not be encumbered with systematic 
errors, it is further necessary that the axis of 
rotation of the apparatus should be absolutely 
vertical; this was ensured by adjustable right- 
angle levels in a horizontal plane and was 
repeatedly checked during the flights by 
turning the BMZ apparatus. A level, turned 
in the direction of the telescope, was continu- 
ally read during the measurements, and from 
the small deviations thus observed, corrections 
of a few gammas were determined in cal- 
culating the results of the measurements. By 
clamping the balancing magnet now and 
again it was ensured that it was not materially 
shifted by vibrations. 

The most serious source of error in airborne 
measurements employing a magnet suspended 
in gimbals is, no doubt, the presence of 
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accelerations due to irregularities in the move- 
ment of the aircraft which, in addition to the 
gravitational acceleration, influence the sus- 
pension in gimbals. If, for instance, the aircraft 
turns slightly to one side all parts connected 
with the aircraft will be influenced by a hori- 
zontally directed centrifugal acceleration: the 
suspension in gimbals will adjust itself accord- 
ing to the resultant of all the accelerations, and 
instead of the true Z-component of the total 
magnetic intensity a component will be 
obtained whose direction deviates more or 
less from the perpendicular. At the outset it 
would seem probable that forward or back- 
ward accelerations during level flight are 
usually less than accelerations to the sides. As 
a consequence, as will appear from simple 
geometric considerations, measurement of Z 
during flight at right angles to the isogons 
(i.e. from the west towards the east, or 
conversely) involves greater inaccuracy than 
measurement of Z during flight along the 
isogons (i. e. from the south towards the north, 
or in the opposity direction). Irrespective of 
whether the flight takes place in one direction, 
or the other, it is of the greatest importance 
that a course once started should be maintained 
during any one particular series of measure- 
ments. 

For the magnetic field intensity found over 
the Sound we can, for instance, compute that 
banking the airplane 1° will give rise to an 
error in the Z-measurement of the order of 
magnitude of 3 milligauss if the route is either 
eastward or westward, while on a northerly 
or southerly course the angle of bank must be 
eight times as great to produce the same 
error. Conversely, forward or backward 
directed accelerations give rise to greater 
errors on the last-mentioned routes than on the 
former; but, as already stated, such accelera- 
tions as a rule may be assumed to be less than 
accelerations to the sides. 

More accurate measurements may then 
presumably be obtained by eliminating in one 
way or another the influence of these dis- 
turbing accelerations, or by continuously re- 
cording these accelerations and making cor- 
rections for their effect. The former procedure 
is, in fact, employed in the American air- 
borne magnetometer (RUMBAUGH and ALL- 
DREDGE 1949); in this way a considerable 
accuracy is obtained, but at the same time the 


possibility of measuring the individual com- 
ponents has disappeared. | 

Although the body of the aircraft used for 
the measurements was almost non-magnetic, 
being made of wood, a disturbing Z-field 
resulting from the engine must, of course, be 
expected. The magnitude of this field was 
found by making Z-measurements both in the 
aircraft while it was standing on the ground, 
and over the same point of the surface of the 
ground after the aircraft had been removed. 
It was found that at the location of the BMZ- 
apparatus in the aircraft there was an upward- 
directed Z-field of 298 gammas; the results 
of the measurements made on March 28 at 
the soo m level were corrected accordingly. 

Furthermore it turned out that Z-values 
were altered 2—3 gammas per cm of horizontal 
displacement of the BMZ apparatus in a 
longitudinal direction in the aircraft. The 
introduction of errors from this account was 
avoided on March 28; but unfortunately the 
location of the BMZ apparatus on February 
22 (during the flights at an altitude of 4,000 m) 
was not as well defined, and it is probable 
that the values recorded for this day are too 
low, perhaps even 0.5 milligauss too low. 

Corrections for time variations were, of 
course, made in the usual way, the photo- 
graphic registrations in Rude Skov observatory 
being employed. As a fixed value for Z in 
Rude Skov 454.5 milligauss was chosen (cf. 
Fig. 2). On the whole the time-variations of 
Z during the flights were diminutive. 

On the map in Fig. 1 all the results of 
measurements made at soo m on March 28 
are indicated (total duration one and a half 
hours). The figures give the excess in milli- 
gauss above 450 milligauss, tenths of milligauss 
being given for the southward flight from 
Kronborg to Sovang and the northward flight 
from Sovang to Trekroner, while only whole 
milligauss were recorded for the transverse 
flights owing to the aforementioned greater 
inaccuracy of the measurements on these 
latter flights. As already stated, all figures are 
reduced to the value 454.5 milligauss or 45,450 
gammas for the observatory in Rude Skov, 
which was the normal value in Rude Skov 
about January 1, 1949. No corrections were 
made for the height above sea-level; such a 
correction may, however, easily be made by 
adding 11 gammas or about 0.1 milligauss. 
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At first glance Fig. ı shows that values to 
the south are generally somewhat lower than 
those to the north. We should expect (MOLIN 
1942) a decrease from the north towards the 
south of ca 3 milligauss per 100 km, that is, 
very nearly one milligauss for the distance 
Kronborg-Trekroner. Moreover we find in 
the northern part somewhat greater values to 
the east than to the west. The opposite is the 
case in the centre of the chart, and at the bottom 
the lowest values seem to occur on both sides, 
while higher values are found over the central 
parts of the Sound. 

Although we must count upon errors of the 
order of 1 milligauss for the five routes across 
the Sound, it turns out that the values along 
these routes agree in all essentials with the 
values found by measurement on land on 
either side of the Sound. In Fig. 2 the positions 
of these observing stations are shown, and the 
Z-values are all converted to 454.5 milligauss 
for Rude Skov. The values for Sweden (in- 
cluding Ven) are due to K. Motin (1942), 
while for the Danish side of the Sound the 
measurements were made by the author, the 
majority at the end of 1950. In accordance 
with the observations made from the aircraft, 
comparatively high values are found at the 
northernmost part of the Swedish coast and 
at Ven, while low values occur along the 
southern part of the Swedish coast and 
the coast a little south of Helsingor. For 
the area of the city of Copenhagen (ruled 
in Fig. 2) it is very difficult to arrive at 
reasonably exact values owing to the many 
disturbing factors; but in a belt closely en- 
circling the city Z seems to be rather low, 
possibly a result of the city’s close proximity. 
Perhaps it is also an effect of the city-disturb- 
ance that values measured from the aircraft 
over the centre of Copenhagen are compara- 
tively high. In Fig. 2 values which must be 
regarded as uncertain (e. g. owing to distur- 
bances from the surroundings) are given in 
parentheses. 

As already stated values measured from 
aircraft on southward and northward running 
routes must be assumed to be more certain 
than those obtained on transverse routes. 
Fortunately there is a possibility of checking 
those parts of the first mentioned routes 
that cross Amager; the northernmost portion 
of Amager, however, is an urban district. As 


Fig. 3. Variation of the vertical magnetic intensity over 
Amager from the north towards the south; the unit 
of the abscissa is kilometers, that of the ordinate milligauss. 
The full dots (and accordingly the curve) are based upon 
ground measurements; the circles and crosses were 
obtained from flights at an altitude of soo m. These 
latter values have been reduced to ground level. 


regards the values obtained from the north- 
ward route, Sovang to Trekroner, it should 
be mentioned that the scale value for these 
was fairly high, viz. 47.5 gammas or ca 0.5 
milligauss per division. As a result mechanical 
vibrations give a somewhat greater uncer- 
tainty in this case than for the southward 
flight, for which the scale value was 6.5 
gammas. 

In Fig. 3 values measured on the ground are 
inserted for checking, and a smooth curve is 
drawn through them with the abscissa in- 
dicating kilometres from the north towards 
the south. In this same figure the Z-values 
found on the southward flight are indicated 
by small circles, those for the northward 
flight by crosses. For the sake of accuracy the 
results of measurements from the aircraft have 
been reduced to the earth’s surface by the 
addition of 11 gammas. 

The fact that the northernmost three values 
measured from the aircraft (to the left in Fig. 
3) are 40—90 gammas above the curve drawn, 
is no serious objection to these values; since 
the value obtained from measurements on 
land which determines this part of the curve 
was rather uncertain, as it was measured at a 
point within the town area. It is possible that 
here the values measured from the aircraft are 
the most accurate; they are somewhat higher 
than those measured immediately outside the 
urban area (cf. the remarks above). More 
serious is the fact that the southernmost of 
the values measured from the aircraft is 70 gam- 
mas below the drawn curve. This value, how- 
ever, comes from the northward flight with 
a scale value of 47.5 gammas, and possibly the 
aircraft was banked a little at this particular 
time, for the value was rcad immediately after 
the aircraft had turned. 
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A precise estimate of the uncertainty of 
the measurements cannot, of course, be given 
from available data; a cautious estimate in- 
dicates the following mean errors: 


1) The flight from the north towards the 
south on March 28 (on which the scale value 
was 6.5 gammas per division) yielded, from 

appearances, the most accurate results; the 
mean error of the individual values observed 
is estimated as 0.2 milligauss or 20 gammas. 


2) For the flight from the south towards 
the north on March 28 (on which the 
scale value was 47.5 gammas per division) 
when four measurement results were obtained, 
the mean error may evidently be put at 0.5 
milligauss. 


3) For the five flights across the Sound on 
March 28, banking of the aircraft, as already 
mentioned, was of prime importance in 
restricting the accuracy of the results obtained, 
and accordingly we must estimate mean errors 
of about 1 milligauss. From a consideration 
of the values obtained near the points of 
intersection with the aforementioned routes, 
it would seem, however, that these cross- 
Sound values are fairly good. 


4) For the measurements at 4,000 m on 
February 22 the mean error probably ranges 
between 0.5—1.o milligauss, even though the 
route ran along the isogons. On February 22 
the suspension of the BMZ was not worked 
out to the same perfection as on March 28, and, 
as stated above, there is reason to believe that 
the results obtained on February 22 were 
encumbered with a systematic error, being as 
a result possibly 0.5 milligauss too low. How- 
ever, as a kind of triumph for these measure- 
ments, it should perhaps be added that on the 
basis of them it was possible to demonstrate 
inaccuracies in Z-values obtained from earlier 
measurements on land (north of Copenhagen 
and on Amager); not only in the older values 
(PAULSEN and RyDEr 1913), but also in values 
of more recent date (MADSEN 1940). The 
cause of the inaccuracy of the latter is perhaps 
that they were reduced to values valid for 
Potsdam, not to values valid for Rude Skov. 


In Fig. 4 the results of the measurements. at 
the 4,000 m level are plotted as a function of 
the distance southward from Kronborg; the 
flight continued a small distance beyond Tre- 
kroner. The values from the northward flight 
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Fig. 4. The abscissa represents the southward route shown 
in Fig. 1, and the ordinate represents observed Z-values 
(with milligauss as the unit) at altitudes of soo m (full 
dots) and 4,000 m (circles and crosses) respectively. The 
two vertical lines indicate the theoretical difference 
between Z-values at altitudes of 500 m and 4,000 m. 


are indicated by small crosses, those from the 
southward flight by small circles. Further, the 
values from the southward flight at soo m on 
March 28 are indicated by small full circles. 
For both days the curve of the probable varia- 
tion of Z from the north towards the south 
is shown, the curve for an altitude of 4,000 m 
appearing as the broken line. The figure con- 
firms that the uncertainty as regards these 
latter values is somewhat greater than the 
uncertainty of the values from soo m, and 
that the values from 4,000 m are somewhat 
lower than might be expected. Assuming that 
Z is inversely proportional to the third power 
of the distance from the centre of the earth 
(Marre, Bowen and SINGER 1950), values 
obtained at the 4,000 m level would be only 
75 gammas lower than those for 500 m; such 
a change of the ordinate is indicated in Fig. 4 
by the length of the two vertical lines. Of all 
the values for the 4,000 m level, the southern- 
most, amounting to 453.6 milligauss, appears 
to deviate the most. However, this may quite 
well be due, in some degree, to the fact that 
it was observed over the margin of the urban 
arca of Copenhagen. 
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In conclusion I wish to express cordial 
thanks to the Danish Relief Corps, Zonered- 
ningskorpset, which without remuneration of 
any kind placed an aircraft at my disposal. 
My thanks are also due to the Danish Mete- 


orological Institute for placing the BMZ 
apparatus at my disposal, and not least to Dr 
J. Olsen, who has taken a great interest in the 
measurements, and on March 28 even parti- 
cipated in the observations. : 
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Le mouvement des tourbillons atmosphériques 


Par J. van MIEGHEM, Université de Bruxelles 


(Manuscrit reçu le 8 mars 1951) 


Abstract 


The force which acts on an atmospheric vortex depends on its intensity, on the Coriolis 
parameter and the latitude effect on this parameter. The zonal, meridional and vertical 


components of this force are linear functions of two correlations : 


one between the cor- 


responding component of the air velocity and the horizontal divergence of the current and 
the other, between this same first component and the meridional component of thé velocity. 


1. Rapportons l'atmosphère à un sent 
quelconque de coordonnées curvilignes (x, x?, 

x’), fixe par rapport à la terre. Désignons 
par yj les Paige: de la métrique (ds)? = 


yi Ox! Oxi, par vi = = ales composantes con- 


travariantes de la vitesse v de l'air, par v; = 
yiv les composantes covariantes correspon- 
dantes et par @ la masse spécifique de l'air. 
En variables x’, les composantes covariantes 


je de l'accélération j de l'air s’écrivent 
dv; I Med APQUE 
= » tos == 
Bere Bis soi le OU ran 


== [ovevi].;, (i, j,k a 3) (1) 


compte tenu de l'équation de continuité 
90 
Er + [e 


devant l'indice k indique la dérivation par- 


2] 2 = 07 Dans (a), virgule () 


d : un Me 
tielle — Ja © le point (.) devant l'indice i, 
la dérivation covariante pour x". Rappelons 
que les indices répétés (par ex., i et j dans 


(r)) sont des indices de sommation. D'autre 
part, æ étant une grandeur quelconque, on a 


7) e da 
realen gg: () 


N] „ex Vy dx! dx? 6x3 — 


= 2 iff ext Vy 6x1 bx? 0x3 + 
Js OXVRVNÔS — 
ee OV Vy dx? dx? dx’, (3) 


Xk = 


d’où, 


les points du volume et de sa frontière S 
étant pris à l'instant t, (6t = 0). Dans (3), 
y désigne le déterminant ||y; || et vn, la 
projection orthogonale de la vitesse de l'air 
suivant la normale extérieure N à la surface 
fermée S. Rappelons que 6V = Vy ôx1 dx? dx’, 
N; 6S = Vy ôxk dx!, où (i,k, 1) désigne une 
suite d’indices déduite de (1, 2, 3) par une 
permutation tournante, et vy = v'N;, où les 
N; sont les composantes covariantes du vec- 
teur unité porté par la normale N. 

Nous admettrons que la grandeur « ne 
change pas de signe dans le volume V et 
que, sur la surface S, on a, soit « = 0, soit 
vn = 0. De plus, nous supposerons que les 
variations locales dans le temps de @, « et jr 
sont négligeables dans le volume V; on dé- 
duit alors de (3), grace au théorème de la 
moyenne et aprés avoir posé 


= Sf “0 aly Öxt dx? öx3, (4) 


1 , > } 4 
équation approc nee 


AC 2 da D Axl 6x2 Axe 
Je za dt GUN Eth 
(5) 


où je est une valeur moyenne de jp dans V. 


L’accélération moyenne j exprime la force 
par unité de masse qui sollicite, 4 l'instant 
t, la masse d’air douée de la propriété «& et 
contenue à cet instant, dans le volume V. 

2. En particulier, posons « ='q-, où qz 
est la composante verticale de la rotationnelie 
q = rot v de la vitesse v de l'air. Le sys- 


teme de coordonnées qui s'impose ici est 
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le système de coordonnées sphériques (A, 9, r), 
ot, comme d’habitude, A désigne la longi- 
tude, y, la latitude et r, la distance au cen- 
tre de la terre. Dans ce cas, on a: 


Saher =, Ver 


Vig = COS Soe == Se Vas ed 


yy =o (i +f), y = cos? y, 


OF, MCE Cee el Canoes d 
ax, rcospdÀ dy r0g dz dr 
— di 
AT Vyuv!=rcos Pare 
— d = dr 
Vy =yy„V=r sp ve = War? = de’ 
dv, dVx Vy 
== — Zt ; 
= 2x oy 5% mt 
3 N dx, dvy Vy | 
div, v= Ox aS By ; tg o, 


et finalement, 


Adee. A 20 rpg 
dt r 


222) 
r 


—(qz + 2 sin y) (div v + 


OV. OV» 
+ iy sg (ale 
> — i. vy —f div, v, (6) 


où f représente le paramètre de Coriolis 
2m sing et N, le nombre de solenoides 
isobares-isostères par unité de surface du plan 
horizontal xy au point considéré. Les termes 
négligés dans (6) sont au moins dix fois plus 
petits que les termes conservés. 

En substituant (6) dans (5), on trouve, 
grâce au théorème de la moyenne et à la 
notation (4), 


Bf) ree 
as) ve div, v, (7) 


ou encore, EN composantes coordonnées, 
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r COS P fx = r COS PVx Vy + 
z 


o(f) 
o (42) 


r COS p Vy divy V, 


‘jy = lg) r(v,)? + 
o(f) rv, div, V 
* F(a.) Zn 
df 
TE 
ET El 
U) LS 
Er u h . 


(7a) 


En raison de la faible épaisseur de l’atmo- 
sphére, on peut remplacer, dans (7a), le rayon 


. vecteur r par le rayon moyen de la terre 


et, de plus, dans la plupart des applications, 
on pourra substituer à cosp une valeur 
moyenne dans V; d’où, la relation vectorielle 


approchée 
jm (eC) eel are 
+ [o(f)/¢ (qz)] v div; v. 


Remarquons que o(f) > 0, a (£) > 0° 


(7b) 


© (qz) > 0 ou < o suivant que la masse d’air 
considérée à linstant tf, dans le volume V, 
est un tourbillon cyclonique (q, > 0 en tout 
point de V) ou anticyclonique (q- < 0). 
De l’équipollence (7b), il résulte que les 
composantes zonale, méridienne et verticale 
de la force qui sollicite un tourbillon sont 
des fonctions linéaires de deux corrélations: 
l’une, entre la composante correspondante de 


Ja vitesse de l'air et la divergence horizon- 


tale du courant et l’autre, entre la même 
composante et la composante méridienne de 
la vitesse. Les coefficients de ces fonctions 
linéaires dépendent de l'intensité du tour- 
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billon, du paramètre de Coriolis et de sa 
variation avec la latitude 9. 

En appliquant, aux équations (7a), la mé- 
thode des approximations météorologiques 
de J. CHARNEY (1948), on constate que les 


accélérations horizontales jx et j, sont de 
l'ordre de 10” m/sec? (c'est-à-dire, d’un 
ordre de grandeur inférieur à celui de l’ac- 
célération horizontale de Coriolis) et que 


l'accélération verticale j. est de l’ordre 10? 
m/sec? (c’est-à-dire, 108 fois moins grande 
que l'accélération de la pesanteur). L’accele- 
ration j» est donc négligeable. 

Dans une atmosphère sans divergence ho- 
rizontale du courant, l’&quation (7b) se ré- 


duit à 
j= E (4) /o(a) | RE 


En projetant cette équipollence sur l’axe y, 
on retrouve, sous une autre forme, une for- 
mule établie par C.-G. RossBy (1948, 1949) 
dans un cas particulier. 

Notons encore que si |gq-| est de l’ordre 
de grandeur de f — ce qui n'arrive qu’ex- 
ceptionnellement dans l'atmosphère — il faut 
remplacer le coefficient de div, v dans le 
dernier membre de (6) par — (q- + f) et, 
dans (7) par o (ge +f)/6 (as) 

3. Cela étant, considérons une succession 
de creux et de dorsales bariques, associés 
aux ondulations du courant zonal des régions 
tempérées. Désignons par L les masses d’air 
douées d’une rotation cyclonique dans les 
creux et, par H, celles douées d’une rota- 
tion anticyclonique dans les dorsales. Pour 
fixer les idées, supposons que les axes des 
creux et des dorsales ont une déclinaison E 
et que les ondulations se propagent dans la 
même direction, ce qui est le cas le plus 
fréquent. Dans ces conditions, à l'E d'une 
crête, on a divyv <oet, à l’W, div,v>o, 


(7b) 


(J. BJERKNES et J. HOLMBOE, 1944); il est 
alors aisé de voir que les corrélations v, vy, 


vx div, v et vy div, v sont toutes trois posi- 
tives. Il en résulte, grâce à (7b), que les 
masses L sont accélérées vers TE et le N, 
tandis que les masses H sont accélérées vers 
VW et le S. 

4. Décomposons le champ du courant v 
en un courant zonal permanent U (y, r) et 
en un courant de perturbation u. On a donc, 
Pr = U7 uy, Vy = Uy et Vz = ü.et, Ch po- 
sant ee 4 gp-+2w sin y, 

oy r 
l'équation (6) devient, ¢ désignant la com- 
posante verticale de rot u, 


Aes | 22 
SF fas ome fi urn Uran 112108 (8) 


et l'équation (7b), 


j= 50 iy Vo UV + 
Le aa an (0) 


Dans (8) et (9) le terme en u; est générale- 
ment d’un ordre de grandeur inférieur à 
celui des autres. Comme on a, en général, 


IZ OZ 
ZO Re Oret Se 10; 

oy Oz 
du théoréme de la moyenne est justifiée. 

En projetant l’&quipollence (9) sur l’axe 

y, et en négligeant le mouvement vertical 
de lair, on retrouve, sous une autre forme, 
une formule établie par H. L. Kuo (1950) 
dans un cas particulier, 


l'application 


Bruxelles, le 24 février 1951. 
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"The Boundary Conditions at the Tropopause 


By S. C. LOWELL, Office of Naval Research, American Embassy, London 


(Manuscript received 15 October 1950) 


Abstract 


In this paper the general properties of surfaces are investigated at which the derivatives 
of pressure, temperature, density and velocity may suffer discontinuities. The assumed 
continuity of the meteorological variables implies severe conditions on the properties of 
the surface, so that only two types are possible: either the surface moves at the speed 
of sound relative to the fluid or it is a material surface and moves with the fluid. The 
tropopause, like a front, is of the latter type. It is shown that the pressure gradient, all 
particle time derivatives and the velocity divergence are continuous. A knowledge of the 
discontinuity in temperature lapse rate determines the discontinuities in all the first deriv- 
atives of density and potential temperature. In general, the components of the discon- 
tinuities in the vertical wind shear parallel to the tropopause can be prescribed arbitrarily 
(the normal component is zero), but when the wind is geostrophic on both sides of the tropo- 
pause, these components too are determined by the jump in the temperature lapse rate. 

The importance of these considerations for the internal consistency of mathematical 


models in dynamical meteorology is discussed. 


The fundamental properties of frontal 
discontinuities have been fairly well known 
ever since the introduction in meteorology 
of the air mass concept. Even so, the derivation 
of these properties given in most textbooks 
on dynamical meteorology conceals the math- 
ematical simplicity of the problem in a welter 
of unnecessary assumptions. With regard to 
the tropopause the situation is even worse: 
the “simplifying” assumptions are in some 
cases contradictory, though in no treatments 
known to the author does the analysis go 
deep enough to derive conclusions about the 
tropopause which are obviously inconsistent. 
This state of affairs is the more remarkable 
since all types of fluid dynamical discontinuity 
surfaces were catalogued and discussed by the 
French mathematician HADAMARD (1903). A 
more detailed analysis was carried out by 
the German mathematician LICHTENSTEIN 
(1929) and the essential results of this paper 
are implicit in his work, although Lich- 
tenstein was apparently unaware of the possible 
application of his results to dynamical meteoro- 


logy. 


The adiabatic, non-viscous motion of an air 
parcel in a baroclinic atmosphere on a rotating 
earth is described by the equations: 


(1) à +o divq=o 
(2) E +p div qg=o 
(3) eq + 209 X q + grad p +ogradw=o 


where o is the density, T is the temperature, p 
= p (oe, T) is the pressure, E = Elo, T) is the 
internal energy, g= (u, v, w) is the velocity, 
is the angular velocity of the Earth and is 
the geopotential. All dependent variables are 
assumed to depend on x, y, z and t. A dot 
over any of the dependent variables indicates 
the total derivative following the motion. 

We assume a surface F(x, y, 2, t) = o along 
which a first (and possibly higher) derivative 
of one or more of the quantities ©, T, p, q, 
etc. may be discontinuous, but along which 
these quantities themselves are continuous. 
The surface F = o (stationary in the four- 
dimensional x, y, 2, t-space) divides the space 
into two regions F < o and F > o. In the 
physical x, y, z-space we can think of F = 0 
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as.a one-parameter family of surfaces depending 
on the parameter f or as a moving surface 
whose position depends on the time #. With 
the latter interpretation we denote the unit 
normal to F = o in the x, y, z-space by n 
and the speed of the surface measured normal 
to itself by G. Then 


F, + Gn- grad F=0 
or 


G = tiny 


. where r? = F2 + F,? + F.?. The direction 
cosines of the normal are given by 


Mise (a) = (objet Fyre) 


We now investigate the conditions on the 
derivative jumps imposed by the continuity 
of the functions themselves. Consider, for 
example, the component u of the velocity q. 
In the hypersurface F = 0, u = u®, where 
the superscripts denote the value of u at a 
point P approached from the two sides of F. 
If we differentiate u on both sides while 
remaining in the surface, we have 


UA OF bos. LUF = uF, +. +4,°F, 
which implies 
(4) [ux] : [ml 


where [ux] denotes u,(—u,0), etc. Similar 
relations hold for all other quantities con- 
tinuous in the surface F. 

We assume the tropopause is not vertical, i.e. 
y + 0, and write all velocity gradient jumps 
in terms of the vertical derivative jumps: 


(s) [grad u] = y-*[ue], [u] = — v~*G le] 
) [grad v] = y[v2], [ve] = — 7G [A] 
) [grad w] = y-1{w.], [w] = —y 1G [wa] 


With the notation G, = G—q-n for the 
speed of the discontinuity relative to the fluid, 
we easily derive the relations 


Ey Ga... ae 
sie à Golw;] 

(9) [div q]= y(e[».] + Plv:] + v[w;]) = 

CA 


PUR P= re Fy PD EUTE, 


(6 
(7 


225 yin . 


(ro) [e] = — y Gfe;] 
(11) [E] a +?" #Go|E;] ie 
— 7" Go(Ee [ez] + Er[T.]) 


(12) [grad p] = y'n (peloe] + pr[T2]) 


After these preliminaries, which were inde- 
pendent of the dynamical equations and 
depended solely on the continuity of the 
meteorological variables at the discontinuity 
surface, we return to the equations of motion 
(1)—(3). Since these equations hold on both 
sides of F = 0, we may apply them at a point 
P in the discontinuity surface and, recalling the 
continuity of all undifferentiated quantities, 
obtain the following equations in the jump 
quantities: 


(A) [el + @ [div q] =o 
(2A) [E] +p [div q] =o 
(3Ar1) @ [#] + [px] = 0 
(3A2) ef] + [py] =o 
(3A3) ou] + [pl] =0 


Substitution from relations (8)—(12) leads to 
(13) MIX, =.0 


where M is the 5 x 5 matrix 


Mi= 7 20" 20, RCE Ge 
pp Bp = yp —GoE, —GoEr 
—G,0 0 10 Po opr 
90 —G,e 0 BPo Bpr 
0 O —G00 YPe YPT 


and X is the column matrix whose transpose is 


X' = ([v2], [vz], [we], [ez], [T2]) 


Equations (13) are linear, homogeneous and 
algebraic. Hence a necessary condition for the 
system to have a non-trivial solution is that 
the determinant of M must vanish. But it is 
easily verified that 


(14) det M = G,3(Go + 6) (Go — 0) 
where 
C5) ee = fat prer (po =e 


By thermodynamic arguments it may be 
shown that the expression on the right in (rs) 
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is (p.)s = 9p|9o at constant entropy S=S(e, T). 
In other words, c is the local Newtonian sound 
speed. 

The requirement that det M vanish is 
satisfied by either of two mutually exclusive 
possibilities: 

L. G, = .0; die... the surface. Fi=lojis a 

material surface consisting always of the 

same fluid particles; or 


2. Go = + 5 i.e., the surface F = ois nota 
material surface and its speed relative to the 
moving fluid is equal to the local sound 


speed. 


The latter alternative leads to the conditions 
at a gas dynamical “shock of second order” 
in an arbitrary fluid and, in fact, as has been 
shown by J. B. Keller and the author (in a 
report which has not yet been published), 
corresponds in the limit to an actual shock 
of weak strength. No discontinuity of this 
type has ever been observed in the atmosphere, 
nor is it likely to be of meteorological signifi- 
cance if ever observed. 

Accordingly we accept the first alternative 
and identify the discontinuity surface F = o 
for which G=q-n with the ideal tropopause. 
The further mathematical properties of the 
tropopause are obtained very easily by insert- 
ing the value G, = o in equations (13) 
and relations (8)—(12). We find 


16) [grad p] = o 

[a] = [a] = LÉ] = 0 

[div q] = y-*n- [q.] = 0 

[ez] = — (pr)e (pr! [Tz] = (er), [Te 

[Oz] = (po/p)* [T=] where © = T(po/p)* 
[div(og)] = y"q : n(or),[T:] 

22) [curl q] = y’'n x [q.] 

We may state these conclusions with respect 


to the material tropopause as follows: 


1. The pressure gradient is continuous. 

2. There is no difference in the acceleration 
of particles compared on either side. 

3. There is no velocity convergence or 
divergence. 

4. The vertical wind shear is normal to the 
tropopause. 


5. The change in the mass divergence is 
proportional to the change in temperature 
lapse rate, to the solenoidal term 90/0T in 
an isobaric surface at the same level, to the 
wind component perpendicular to the trop- 
opause, and is inversely proportional to the 
vertical component of the unit normal to 
the tropopause. 

6. The change of density lapse rate is propor- 
tional to the change of temperature lapse rate 
and to the solenoidal term. 

7. The change of vorticity is proportional 
to the parallel component of the change in 
wind shear. 


Since the tropopause is quasi-horizontal, 
one may also conclude that the change in 
mass divergence is small, that the change in 
the vertical shear of the vertical wind compo- 
nent is nearly zero and that the change in 
vorticity is horizontal and proportional to 
the change in the vertical shear of the horizon- 
tal wind component. 

In dynamical meteorology, and especially 
in the study of the general circulation, one 
customarily assumes a model for the unperturb- 
ed atmosphere. Usually, frontal surfaces are 
omitted from this model, but almost always a 
tropopause, or what is equivalent, a discon- 
tinuity in temperature lapse rate, is assumed 
at some level. It frequently happens that too 
many dynamic and thermodynamic conditions 
are imposed at this interior boundary surface. 
Internal inconsistencies of this sort are hard to 
detect and may, because the equations govern- 
ing atmospheric motions are not totally 
hyperbolic, spread their influence far from 
their origin. It is clear from the preceding 
analysis that the jumps in the gradients of all 
thermodynamic quantities (temperature, den- 
sity or potential temperature) are fixed when 
the jump in any one component of these 
gradients (the temperature lapse rate, for 
example) is prescribed. In a general atmosphere 
one may also prescribe the change in wind 
shear at the tropopause (or any derivative 
jump equivalent to it), but if geostrophic 
equilibrium is prescribed on both sides of 
the tropopause, the fixing of the change in 
temperature lapse rate is sufficient to fix the 
values of all other discontinuities, since the 
geostrophic wind shear is proportional to the 
temperature gradient. 
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It is worth emphasizing that the results 
obtained do not give any information about 
the structure of the atmosphere, or even 
about the motion of the tropopause or its 
genesis. A purely kinematic description, similar 
to the treatment of Petterssen and others on 
frontogenesis and frontolysis, of the processes 
influencing the genesis, decay and persistence 
of tropopause-like surfaces (including such 
phenomena as subsidence inversions) could 
almost certainly be given, but it is unlikely 
that such a description would lead to a very 
deep understanding of the most important 
processes involved. For one thing, it would 
involve a knowledge of the space derivatives 
of the temperature and velocity gradients and 


these would be impossible to measure or even 
estimate at the present stage of meteorology. 
A more important endeavor would be the 
consideration of viscosity, turbulence, radiation 
and heat conduction and their effects on the 
tropopause. Strictly speaking, discontinuities 
such as we have been discussing would not 
even exist mathematically if the presence of 
these factors were taken account of in the 
equations of atmospheric motion. Experience 
from gas dynamics suggests, however, that 
these processes would exert a modifying 
influence only, for example by producing a 
zone of finite thickness through which the 
gradients of wind, temperature and density 
would change rapidly. 
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Abstract 


The meridional eddy flux of sensible heat is examined by means of finite difference 
integration methods from northern hemisphere charts for the winter 1945—46. The eddy 
sensible heat flux is shown to occur principally in the lowest layers of the atmosphere 
and to decrease with elevation. The magnitude of the eddy sensible heat transports are 
compared with the total poleward energy flux required by the radiation balance, and are 
shown to comprise a very large fraction of this flux. 


Introduction 


The difference in the net heating of equator- 
ial and polar latitudes necessitates a meridional 
transport of total energy directed from 
equatorial to polar regions. This transport may 
be expressed to a high degree of accuracy as 


TX =h4+ for + ql +) ovds (1) 


where h is the contribution to the poleward 
energy flux by the hydrosphere, c, is the 
specific heat of air at constant pressure, T is 
the temperature, q is the specific humidity, 
I is the latent heat of water vapor, ® is the 
geopotential energy per unit mass, @ is the 
density, v is the northward component of the 
wind velocity and ds is an element of the 
conical surface above a given latitude. The 
integration is to be performed over the 
entire conical surface. Equation (1) may be 
written down directly from considerations 
of the conservation of energy. It may also 
be derived from the general physical energy 
equation and the equations of motion as 
shown by Srarr and collaborators (1949). 

Equation (1) simply states that the poleward 


1 This investigation was made possible through 
support extended by the Geophysical Research Direc- 
torate of the U.S.A.F. Cambridge Research Labora- 
tories, A.M.C., under Contract No. AF 109-122-153. 


flux of energy may be accomplished essentially 
as (a) an energy flux within the oceans, (b) a 
flux of sensible heat, (c) a flux of latent heat, 
(d) and a flux of potential energy. The term 


J scptovds results from the combination of 
the flux of internal energy of dry air and the 
flux of kinetic energy transferred as work 
done by the pressure forces. These two energy 
forms are always transferred in the constant 
ratio &/R where R is the gas constant for 
dry air and «, is the specific heat of air at 
constant volume. The transport of kinetic 
energy accomplished by the flow of existing 
kinetic energy has been neglected because 
of its smaller order of magnitude (see STARR 
1949). 

The partition of the poleward energy flux 
among the various terms in equation (1) is a 
problem of great importance for a better 
understanding of the mode of operation of the 
general circulation. The magnitude and varia- 
tion of the flux of sensible heat across various 
latitudes upon a hemispherical basis will be 
examined below. 


Computation procedure 


Because of the lack of adequate observed 
wind data upon a hemispherical basis it 
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becomes necessary to compute the meridional 
flux of sensible heat using geostrophic winds. 
Use of such a measure of the wind velocity to 
calculate this term introduces modifications 
into its meaning which are not without 
advantages. 

The integrated flux of sensible heat across a 
latitude circle at a given geometrical level 
in the atmosphere is given by the expression 


Te = tpt (ov) dx (2) 
where dx is an element of distance longitudi- 
nally and the integration is performed around 


a complete circle of latitude. If we place 
THT + (3) 
ov = ov + (ov) (4) 


where the primes denote deviations of the 
quantities from the mean around the latitude 
circle at the given level, and take the product 
of equations (3) and (4), then equation (2) 
may be written as 


Te = @ Pt ovdx + cg’ (av) dx  (s) 


in which each of the terms has a distinct 
physical significance. The first term in the 
right hand member of equation (5) is the 
portion of the flux of sensible heat due to 
the non-zero value of ov at the given level, 
i.e., the portion transported by virtue of a 
mass flux at the level and hence accomplished 
by mean meridional cells of the Hadley type. 

The second term in equation (5) is that por- 
tion of the flux due to the correlation between 
t and (ov) along the latitude circle. As such it 
represents the transport of sensible heat by 
large scale horizontal eddy processes associated 
with eddies of the size of migratory cyclones 
and anticyclones of middle latitudes. 

If the terms in equation (5) are computed 
geostrophically, the first term must vanish 
and the only portion of the flux which does 
not vanish is that part due to the correlation 
between the temperature and the meridional 
component of the geostrophic wind. The 
question. arises immediately as to the nature 
of the difference between the geostrophic 
eddy transport and the actual eddy transport. 
This point will be discussed in greater detail 
in a later part of this paper. 


Estimates were made of the geostrophic 
eddy transport of sensible heat based upon. 
complete northern hemisphere data by finite 
difference integration methods. The data 
which were used extended only up to soo 
mb and were available in a mixed coordinate 
system. The surface data were available at the 
geometric height z= 0, whereas the upper 
air data were available along constant pressure 
surfaces. 

The computation procedure is greatly 
simplified if the eddy flux term which depends 
solely on the correlation between the temper- 
ature and (ov) is calculated along constant 
pressure surfaces. The assumption which is 
introduced by this procedure is that the 
correlation between the temperature and the 
geostrophic mass flux along a constant level 
can be approximated by the correlation be- 
tween the temperature and the geostrophic wind 
along some corresponding pressure surface. 
It is probable that the eddy flux computed 
from constant pressure charts resembles closely 
a similar flux calculated from constant level 
charts. For purposes of this investigation this 
condition is assumed to hold. In any case we 
may state that the eddy flux of sensible heat 
which has been calculated is that given by 
computations based upon constant pressure 
surfaces. 

The data which are available for computa- 
tional purposes are in the form of the sea level 
pressure distribution, and the height distribu- 
tions of the 700 and 500 mb surfaces. In view of 
this it becomes more convenient to use the 
approximation that 


z=21 Po 


I Écrov,dxdz =~ cg f frv,dxdp (6) 


zo 500 mb 


where z=o is sea level, z, is equal to some 
constant height at approximately the soo mb 
level, p, is taken as the sea level pressure and 
the element ds has been approximated by 
dx dz where dx is an element of distance 
longitudially and dz is an element of distance 
in the vertical. Substituting the geostrophic 
relation for v, we find 


Po Po dz 
cole Jo Tv, dx dp = olf I it —dxdp (7) 


500 mb IX 


where f is the coriolis parameter. 
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Since temperature observations are not 
available within these layers over a wide 
network of stations it is necessary to substitute 
the mean virtual temperature of the layer 
in question for the actual temperature. Because 
the magnitude of the eddy transport across 
any given latitude circle depends not on the 
absolute value of the temperature but upon 
the correlation between the wind direction 
and the temperature and the variance of these 
quantities when integrated around a latitude 
circle, this substitution probably introduces 
only a slight error, the mean virtual temper- 
ature and the actual mean temperature of the 
layer being very highly correlated, and the 
variance of the mean virtual temperature being 
about equal to the variance of the actual 
mean temperature. 

The sea level pressure was reduced to the 
height above sea level of the 1013 mb surface, 
assuming the NACA standard atmosphere. 
This reduction introduces a slight error into 
the calculations. We may write that the eddy 
transport of sensible heat evaluated up to 
500 mb is composed of three terms as follows: 


tp 700 mb 32 1013 mb se 

T= 74 Ty 5, dx dp ial ae Ty a dx dp + 
ee 

ie 12 du dp | À 

AE DR (8) 


where 7, is the mean virtual temperature 
appropriate to the given layer. The integration 
of the first two terms with respect to pressure 
in the vertical is between two constant pressure 
surfaces and hence presents no problem in 
evaluation. The third term however has a 
variable upper limit of integration because 
the sea level pressure is not constant along a 
latitude circle. It seems highly probable that 
the transport given by the third term is no 
larger than the transport between two constant 
pressure surfaces separated by an amount 
equal to the average pressure difference be- 
tween sea level and 1013 mb., i.e., by perhaps 
30 mb, so that the third term is perhaps a 
tenth as large as the second. We may state 
then that in all probability the errors introduced 
by the conversion of the surface pressure to 
the height of the 1013 mb surface are minor 
in nature. The eddy transport of sensible 
heat was computed for the layers, 1013 to 


700 mb, and 700 mb to soo mb. The mean 
geostrophic wind for each layer defined as 
the mean of the geostrophic wind at the top 
and at the bottom of the layer in question was 
used. The product of the mean virtual tem- 
perature and the geostrophic wind was formed 
at 72 evenly spaced points at each circle of 
latitude and then the integration of equation 
(7) was accomplished by summing the 72 
products so derived for each latitude circle 
and each layer for each day. The computa- 
tions of the eddy transport of sensible heat 
were carried out by the General Circulation 
Project, M.I.T. partly by hand and partly 
by punch card methods. 

The question may legitimately be raised as 
to the nature of the difference between the 
eddy transport of sensible heat by actual winds 
versus that by geostrophic winds. These eddy 
transports were compared over regions of 
North America, where sufficient observed 
upper wind data are available. Data for the 
months of January 1949 and December 1948 
were selected over regions of the United 
States between latitudes 43°N and so’N. 
Wherever possible, rawinsonde stations were 
selected to prevent bias toward fair weather 
synoptic patterns. The study was carried out 
only at 700 mb. The sources of the data were 
as follows: 


(a) 700 mb actual winds and temperatures 
were gathered from the United States Weather 
Bureau Daily Upper Air Bulletin.* 


(b) 700 mb geostrophic winds were compu- 
ted from Daily United States Weather Bureau 
700 mb charts. The ratio 


ae L 
Cd), ley Ave = Vp 


TVa — TV, 


was examined. Here t is the temperature in 
degrees centigrade, v, is the geostrophic wind 
velocity, v, is the observed wind velocity. 
The bars denote means with respect to time 
and space, and the primes denote deviations 


1 The stations selected for this study were: Bis- 
mark N.D. 764; Buffalo, N.Y. 528; Caribou, Me. 
712: Glasgow, Mont. 768; International Falls, Minn. 
747; Lander, Wyo. 576; Rapid City, S.D. 662; St. 
Cloud, Minn. 644; Sault Ste. Marie, Mich. 735; Spo- 
kane, Wash. 785; Tatoosh, Wash. 798; Great Falls, 
Mont. 775. 
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Table I 


The mean geostrophic eddy transport of sensible heat across various latitudes for the winter season 
1945—46 for layers and periods specified. Units in cals sec-1 x 10+12 


mm ss 


Month Layer Lat. 75° N 65° N SSIHN 45° N 35 IN 
1013—700 mb — 38.0 + 147.0 + 447.1 + 371.0 + 193.9 

Nov. 1945 700—500 mb + 17.9 + 91.2 + 189.9 + 168,3 + 74.3 
10I3—500 mb — 20.2 + 238.2 + 636.9 + 539.3 + 268.1 

1013— 700 mb — 2.4 + 172.9 + 670.7 + 781.9 + 361.2 

Dec. 1945 700—s00 mb + 23.3 + 84.1 + 221.5 + 168.6 + 107.6 
1013—5oo mb + 20.9 + 257.0 + 892.3 + 950.5 + 468.8 

1013—700 mb + 335.4 + 745.8 + 580.1 + 177.0 

Jan. 1946 700—500 mb + 120.8 + 198.7 + 232.7 + 122.5 
1013—500 mb + 487.1 + 941.7 + 812.7 + 279.2 

1013—700 mb + 411 + 269.4 + 683.7 + 713.0 + 320.0 

Feb. 1946 700—5oo mb + II + 60.2 + 178.3 + 153.7 + 841.7 
1013—500 mb + 42.1 + 329.6 + 862.1 + 866.8 + 404.1 

1013— 700 mb — 0.7 + 226.4 + 632.5 + 612.3 + 261.2 

Mean 700—500 mb = 14.5 qe HO + 197.6 21017954 + 96.6 
I1013—500 mb + 13.7 + 328.7 + 834.2 + 792.6 + 354.6 


from the means of these quantities in both Results 
time and space. The quantities r’v, and r’v,' 
are proportional to the mean eddy flux of 
sensible heat over the limited length of the 
latitude circle. Tv, and Tv, are proportional 
to the total flux of sensible heat including 
the flux due to the correlations between T 
and v and the flux due to a non-zero 
v. Tv, and Tv, represent the component of 
the flux due to the non-zero v over the 
limited length of the latitude circle and that 
component which we wish to subtract out. 


The mean monthly values of the geostrophic 
transport of sensible heat across various lati- 
tude circles are presented in Table I. One 
feature which is apparent is the concentration 
of the eddy transport of sensible heat in the 
layer between 1013 and 700 mb. Approx- 
imately 70 per cent of the eddy transport of 
sensible heat which is accomplished below 
soo mb takes place in the lowest layer. This 
is in contrast to the horizontal meridional 
eddy transport of angular momentum which 

The data were examined separately by appears to be at a maximum in the high 
months and also as a single sample. The total tropospheric layers (see Srarr and WHITE 
number of cases was 472. The value of this 1951). 
ratio for the entire sample was 0.82. Thus in It should be pointed out that because of 
this sample, the eddy transport by actual the irregularities of the earth’s surface, and 
winds is about 20 per cent greater toward because artificially reduced sea level pressures 
the north than the transport by geostrophic were used, the eddy flux of sensible heat 
winds. For the individual months, this ratio between 1013 and 700 mb includes a fictitious 
was essentially constant, being 0.83 during component. This component is probably 
December 1948, and 0.79 during January largest in the latitudes of the Himalaya moun- 
1949. These results indicate that the geo- tains where the mountain barriers are oriented 
strophic eddy transport of sensible heat is a in an east-west direction and extend to great 

ood measure of the observed eddy transport heights. It is not possible with the data at 
of sensible heat. hand to determine the magnitude of this 
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fictitious component but it is felt to be of 
minor importance in view of the small portion 
of the latitude circle which is covered by such 
mountain ranges. 

In all months the eddy transport of sensible 
heat reveals a maximum somewhere in middle 
latitudes, decreasing both poleward and equa- 
torward. The location and intensity of the 
maximum eddy transport of sensible heat 
between 1013 and soo mb varies from month 
to month. It is of interest to compare the mean 
monthly eddy transport with the character 
of the mean monthly northern hemisphere 
pressure distribution, Table II. However in 
view of the small number of months of data 
which have been examined, the results can 
only be considered as suggestive. Several 
factors must be taken into account in any 
attempt at such a comparison. The seasonal 
trend to stronger poleward transports from 
early to late winter must be considered. Thus 
the transport for November is somewhat 
smaller than those of other months. 

As regards the three mid-winter months it 
appears that December 1945 which possesses 
the lowest sea-level zonal westerly index also 
possesses the most intense maximum (950.5 X 
101? cals sec!) which occurs at the relatively 
low latitude of 45° N. 


Table II 


The mean monthly meridional sea-level pressure 
profiles for the months as indicated. Units in mb 


Month |Nov. 1945 | Dec. 1945 | Jan. 1946 | Feb. 1946 
Lit; 

80° N 1019.2 1022.3 1018.9 1026.9 
75° N 1014.8 | 1019.8 | 1014.1 1021.2 
70° N 1013.8 1019.7 1012.0 T016.9 
CSN 1013.7 1020.1 1010.8 I013.5 
60° N 1013.0 1018,7 1010.1 I011.3 
SOIN 1013.9 1016.6 cob © ay LOII.O 
50° N #010.8#|| ICE ||, LOLSwa|  FOLaO 
45° N 1018.7 1012.7 1018.8 1015.7 
40° N 1018.9 1014.4 1020.6 1017.8 
Bis aN 1018.5 TOLO,SL| TO mall mLoneu, 
30° N 1017.5 018.1 1020,6 1019.1 
25° N 1016.2 I018.0 1019.2 1018.4 
20° N TOI4.4 1016.1 1016.8 1016.7 
IN 1012,0 | 1013.4 | 1014.0 | 1013.7 
10° N 1010.0 BOUT. 22 NEEONTES 


IOII.2 


On the other hand January 1946 has an abnor- 
mally high sea-level zonal westerly index with 
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a comparable maximum (941.7101? cals 
sec~!) which is displaced to a much higher 
latitude at 55° N. February 1946 which is a 
more normal month as regards the sealevel 
zonal westerlies has a less intense maximum 
(866.8 x 101? cals sec-1) located at 45° N. 
In February however the value of the transport 
across 55° N is almost equal to it in magnitude 
(862.1 X 10%? cals sec!) indicating that the 
_maximum may lie somewhere between 45° N 
and 55° N. 

It is of interest also to compare the actual 
magnitudes of the mean eddy transport of 
sensible heat between 1013 and soo mb for 
the four months which have been investigated 
with estimates of the total energy transport 
which is required by the radiation balance 
of the earth and atmosphere. Such estimates 
are crude and vary within wide limits. 
The required yearly normal poleward total 
energy transport based upon the radiation 
data of ALBRECHT (1931) and another such 
preliminary estimate based upon data given 
by Gasıtes (1950) differ quite substantially 
but may be used as indicating possible limits 
of the required total energy transport. These 
data are given in Table III. Comparison with 
Table I where the mean geostrophic eddy 
transport of sensible heat for the four months 
November 1945 to February 1946 is given 
may be made. 


Table III 


The yearly normal total poleward energy flux 
across various latitudes required by the radiation 
balance to maintain the temperature difference 
between polar and equatorial regions based upon 
(a) radiation data according to Albrecht and (b) 
according to Gabites. Units in cals sec~1 x 1012 


Batı (a) (b) 

30° N + 620 + 903 
40° N + 660 + 1,044 
50° N + 564 987, 
60° N 22309 + 670 
70° N 22209 ae MEH! 
80° N “N58 “ET OS 
90° N o fe) 


Although rigid comparison of these two 
sets of figures is ruled out, because the eddy 
transports given in Table I have been computed 
for only one winter season and only up to 
soo mb, and the transports in Table III are 
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Table IV 


The mean monthly divergence of the eddy transport of sensible heat for the four months of the 
winter 1945—46 as indicated, in the layer from the surface to 500 mb within selected latitude belts. 
Unit in cals sec-! x ro+12? 


SSS — — au eo GE DS. share ee eee ee ee ae 


Lat. Belt 
Month = 
Soe Zi NI AS Ss Nl SS0S N SS INI | SI IN 
NOV. urnes oe + 271.2 + 97.6 — 398.7 — 258.4 + 20.2 
Dessen sa. + 481.7 — 58.5 — 635.3 — 236.1 — 20.9 
Maus... ea. + 533.5 + 129.0 — 454.6 — 487.1 < (65°—90° N) 
Becher Ph: + 462.7 — 4.7 — 532.5 — 287.5 — 42.1 
MEAN ae + 438.0 2 4.6 — $05.5 — 315.0 — 13.7 


yearly normals, some information about the 
efficiency of the eddy transport processes 
relative to other modes of meridional energy 
flux may be obtained because of the following 
considerations. The mean geostrophic eddy 
flux of sensible heat for the winter of 1945—46 
has been computed up to soo mb and if used 
as a typical yearly value will be considerably 
in underestimate because of the neglect of the 
transport above soo mb, but on the other 
hand will be considerably in overestimate 
because only the winter season has been 
sampled. The extent to which these two 
factors tend to cancel will determine the 
appropriateness of the use of these mean 
geostrophic eddy transports of sensible heat 
in conjunction with the total energy transport 
which has been estimated on a yearly normal 
basis.! 

It appears then from comparisons of Tables 
I and III that eddy sensible heat transport 
processes account for a major portion of the 
required total energy flux. 

The relation between the mean monthly 
pressure profiles and the distribution of the 
divergence of the transport of sensible heat 


1 The extent to which the factors mentioned above 
actually do cancel was studied for regions of North 
America from rawin and rason observations which 
reach to great heights. It was found that in middle 
latitudes approximately 70 per cent of the total eddy 
transport of sensible heat takes place below soo mb. 
On the other hand a measure of the wintertime rate 
of transport in middle latitudes was approximately 
45 per cent greater than a measure of the yearly mean 
rate of transport. This study suggested that the geo- 
strophic eddy transport of sensible heat computed dur- 
ing the winter months and only up to 500 mb may 
be a good approximation to the yearly mean. For 
further details of this study see WHITE (1950). 


may be examined. The magnitude of the 
divergence of the eddy transport of sensble 
heat is proportional to the generation of kinetic 
energy, to the extent that horizontal eddy 
transport processes comprise the principal 
mode of transport in the atmosphere. The 
mean monthly divergence of the transport of 
sensible heat by latitude belts is given in Table 
IV. The divergence of the transport of sensible 
heat is represented by the difference between 
the rate of inflow of sensible heat into a given 
region and the rate of outflow from the same 
region. When a divergence of this transport 
exists, 1.e., when there is more going out ofa 
given latitude belt than is coming in, then there 
must exist a generation of kinetic energy 
within this belt. On the other hand a con- 
vergence of the transport of sensible heat 
signifies a disappearance of kinetic energy. 

According to the present supposition it 
may be inferred from an examination of 
Table IV that in all months there exists a 
region of dissipation in more northerly lati- 
tudes. This systematic arrangement of the 
regions of kinetic energy generation and 
dissipation agrees with recent suggestions 
made by Srarr and colloborators (1949) 
that a primary source of kinetic energy for 
the atmosphere lies in the subtropics. 
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Abstract 


The eddy flux of momentum, sensible heat and latent heat has been computed from measured 
temperature, humidity and wind data from the aerological station Bromma 59° 21’ N, 17° 57’E. 
The results obtained have been compared with similar computations for Larkhill 51° 11’ N, 
o1° 48° W made by Priestley. A comparison has also been made with values obtained by using 
geostrophic winds taken from synoptic charts. An. estimation of the heat and momentum 
gained by eddy flux in the zone between sı? N and 59° N and north of 60° N has been made. 


‘Introduction 


The general atmospheric circulation is as yet 
not very well understood and in fact many of 
its features are not even known. Problems 
concerning the general circulation may be 
attacked from many points of view with the 
aid of different techniques. One method is to 
study turbulent disturbances of global magni- 
tude, which appear in the atmosphere as 
moving cyclones, anticyclones, troughs, and 
ridges. The basic theory underlying this attack 
is due to Reynolds who first studied the hydro- 
dynamic forces which are set up by turbulent 
motion in a fluid or a gas. According to 
Reynolds a velocity vector v can be defined 


as the mean vector v plus an additional vector 
v’ such that v = v + v’ or in components 


u; = 1m; +uÿ. The bar denotes mean values 
taken over a time interval. The mean value of 


u; is then u’ = o. The turbulent stress is 
equal to the transport of u-momentum in the 
direction of the y-axis or v-momentum in the 
direction of the x-axis. W. Schmidt introduced 
this concept into meteorology and studied 


the vertical transport of momentum, heat, 
moisture and matter in the atmosphere. He 
introduced the concept “Austausch” (A) 
such that the flux of matter per unit of area (S) 


normal to the direction of the gradient (n) 
is S— — 2 Z 
NE 


matter. Prandtl defined A as ow'l = pl? 


, where s is the density of the 


du 
on 


where Î is the mixing length obtained from 
analogy with molecular motion according 
to the kinetic gas theory. 

These studies concerned primarily the 
vertical flux of momentum, heat or humidity 
in the atmosphere. A. DEFANT (1921) first 
described cyclones and anticyclones as disturb- 
ances in the general zonal circulation, analo- 
gous to turbulent eddies in the frictional 
surface layer of the atmosphere. Defant com- 
puted A for momentum and heat at different 
latitudes using surface observations and mean 
charts. ÂNGSTRÔM (1925) stressed the impor- 
tance of the flux of latent heat and LETTAU 
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(1938) found new methods for computing A, 
all giving values about 107 or 108 in cgs units. 

JerrREYS (1926) developed the theory for the 
transport of momentum and showed that 
cyclones and anticyclones are necessary ele- 
ments in the general circulation since, by 
such eddies only, eastward angular momentum 
can be transported from the trade wind areas, 
where such momentum is obtained from the 
earth by surface friction, to the zone of the 
westerlies, where the momentum by friction 
is given back to the carth. This theory was based 
on the assumption’ of geostrophic winds. 

The development of radiosondes and radio 
wind instruments as well as the recent appear- 
ance of a fairly dense network of aerological 
stations enable us to compute the flux of 
momentum, heat and humidity also at upper 
levels. An extensive investigation into momen- 
tum and heat transport, based on synoptic 
charts and on the assumption of geostrophic 
winds, has been published by Starr and 
Wincer (1949) and a similar study including 
in addition the flux of humidity is in progress 
at Stockholm. PRIESTLEY (1949) points out 
that it is feasible to study the eddy flux 
directly, without any special physical assump- 
tions such as concerning mixing length or 
geostrophic wind approximations. The eddy 
flux depends upon the turbulent components 
of wind, temperature and humidity, and the 
only thing one needs is regular observations 
up to a certain level. Today there are a great 
many aerological stations, and it would seem 
feasible to compute the variations of this flux 
during one year as well as from year to year 
and to obtain the geographic distribution of 
the flux. Priestley has computed such data for 
the station Larkhill in southern England. We 
have thought it worth while to study these 
same factors in another place, and below 
we give the results of our computations of 
heat transport and zonal stress for the Swedish 
station Stockholm—Bromma (59° ar’ N, 
17087 LE) 


Data 


The period studied is mainly the same as 
that used by Priestley (1946—1947). In view 
of the very small number of observations 
available during the first four months of 
1946 we have, however, excluded these and 


in their place have used the corresponding 
months from 1948. Daily radiosoundings for 
0600 .G.M.T. and the levels 950 mb, 900 mb, 
700 mb, 500 mb, 400 mb, 300 mb and 250 
mb have been used. The material from these 
two years is quantitatively and also per- 
haps qualitatively not as good as the English 
material. Out of the number of radiowind 
soundings made during 1947 with the Ameri- 
can radio direction finder type S.C.R. 658, 
92%, reached the soo mb level, 82% the 
400 mb level, only 63 % the 300 mb level and 
a much smaller percentage higher levels. 
Therefore we have considered it necessary to 
restrict the complete computations to the levels 
between 950—400 mb, and the discussion 
mainly deals with these levels. For the higher 
levels, however, some values have been 
computed which will be discussed in certain 
connections. When reports of wind, and less 
frequently of temperature, are missing, surface 
and upper-air charts drawn at the Swedish 
Meteorological and Hydrological Institute 
have been used to obtain interpolated or 
extrapolated values. Wind values in these 
cases are geostrophic winds. 

Two different radiosonde types have been 
used; an American instrument during the 
period May 1—June 30 1946 and the Väisälä-type 
later on. Comparisons between these instru- 
ments show considerable differences between 
the types, but there are reasons to suppose that 
such differences, consisting of a mean difference 
and random differences, have no correlation 
with the advection and can therefore be neg- 
lected here. 


Computation of heat flux 


At first we shall briefly review and comment 
upon the method used by Priestley for com- 
puting the flux of heat in sensible and latent 
form. 

a) Sensible heat. 

Let @ represent the density, V the south 
component of the horizontal wind velocity 
and T the absolute temperature of a volume 
of damp air. If c, is the specific heat at constant 
pressure c,@VT is the amount of sensible heat 
carried poleward per unit area and unit 
time. Over a period the average flux per 


. . . 5 
unit time across unit area of a surface fixed 


in the west-east and vertical plane is c, oVT. 
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Integrating vertically the total flow per 


unit length of longitude is „/oVTdz or 
O 


Po 


according to Priestley approximately ie iy VTdp, 
go 


where ps is the mean surface pressure and g 
the gravitational acceleration. R being the 
radius of the earth and A the longitude, the 
total flow across the latitude ® is 


2n Po 


HE = R cos g [da J VTdp 
eo] [6] 


This quantity is not obtainable from the ob- 
servations made at one station. We must 
restrict our present discussion to the local flux 


Ao 
À J VT dp. 


Let V and T denote mean values at a fixed 
level over a period of time. 


Then since V= V + V’ and T= T + T’ 


we have VI = VT +V'T’ + VT’ + V'T 
The last two terms being equal to zero by 
definition, VT is the sum of two terms VT, the 
advective flux and V’ T’, the eddy flux. The time 


mean value VT is obviously equal to VT. At any 


particular locality VT may have a large value, 


positive or negative, depending on V, but this 
is partly compensated in other regions of the 


same latitude circle where V has the opposite 


sign. On the average WT may have a mean: 


value VT over the latitude circle, but to 
compute that value we must determine the 


values for V and T at many points having 
the same latitude. As we have the values for 
one point only we shall neglect the advective 
flux and study only the eddy flux V’T’. Ac- 
cording to a later discussion by PRIESTLEY 
(1950) the mean eddy flux is of the same sign 
and magnitude as the mean advective flux at 
least for the latitude 30° S. The eddy flux is 
in general positive but must not be so at all 
levels for any one station. The. mean value 
taken over a latitude circle at one level, or the 
vertically integrated flux at one station, should 


OI 


however be considerably greater than zero if 
a sufficiently long period is chosen. 

b) Latent heat. 

For the discussion of the latent heat flux 
we follow the same method of reasoning as 
for the sensible heat. If L is the latent heat of 
vaporisation and X the mixing ratio the local 
flux of latent heat is 


We shall study only the eddy flux VOX 
The variation of L and c, with temperature 
and pressure has been neglected in the follow- 
ing computations. L is given the value 590 
and c, the value 0.24. 


Computed values of eddy flux of 
sensible heat 


In table I is given the northward eddy flux 
of sensible heat from May 1946 to April 1948 
at the 950, 900, 700, 500 and 400 mb levels. 
The values are given for 12 two-monthly 
periods, and for the summer, winter and 
yearly means. Fig. ı gives a picture of the varia- 
tions at Bromma and at Larkhill. For Jan.— 
April 1948 we have inserted the Larkhill 
values for Jan.—April 1946 and for Jan.— April 
1946 the Bromma values for 1948. We see 
that the flux of sensible heat at Bromma is 
positive, i.e. directed poleward at least up to 
the 400 mb level. At Larkhill, however, the 
flux is southward already in the 400 mb level. 
Fig. 2 shows the variation with height of the 
flux during winter and summer and for the 
year. The summer period includes May—Oc- 
tober, the winter period November—April. 
The most outstanding difference in fig. 2 
between the curves for Bromma and Larkhill 
is the variation with height during the winter 
season. The curve for Bromma shows a marked 
increase of flux up to about the 700 mb level 
and from there on a decrease. The flux over 
Larkhill decreases rather constantly up to and 
above the 400 mb level not only in the mean 
but during each separate two-monthly winter 
period. 

In fig. 3 is shown the time variation of the 
total flux of sensible heat integrated for the 
layer up to 400 mb. Corresponding values for 
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$c 700 mb. 
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ne EL 
25- ——0œ-— Bromma 1948 


F 0 F F 
1946 1947 1948 
Fig. 1. Northward eddy flux of heat in sensible form 


V’T’ at Bromma and at Larkhill at the 950, 700 and 400 
mb levels. 
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Fig. 2. Variation with pressure of eddy flux of 


heat in sensible form V’T’ at Bromma and at Larkhill. 
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1,5 —— Bromma 
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Fig. 3. Variation with time of total (vertically integrated) 
eddy flux of heat in sensible form at Bromma and at 
Larkhill. 


Larkhill have been obtained by integration 
up to the highest levels. The flux over 110 mb 
was obtained by extrapolation. The values 
are distributed in a similar way. The curves 
drawn represent harmonic functions (y) of the 
annual variation of the flux in the form 


y = À cos (x +a) +B 


The parameters A, B and & have been found 
by the method of least squares. & is the time 
angle (0° or 360° for Jan. 1), A and B are con- 
stants, A being the annual amplitude and B 
the annual mean. 


Priestley found for Larkhill 


y = [0.30 cos (x — 50) + 0.65]| 


6 = 0.28 |" 10 gcal/ 


cm min 
For Bromma we obtained 
y = [0.46 cos (x — 40) + 0.75]| 


. 7 
ee 
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The annual mean value for Larkhill was 
obtained by integration up to the highest 
levels. If the integration is terminated at 400 
mb, as in the Bromma case, the mean value 
for Larkhill becomes 0.63 : 10° gcal/cm min 
i.e. almost the same value as obtained pre- 
viously by integration up to the highest levels, 
indicating that the integrated flux above 400 
mb vanishes. The amplitude as well as the 
annual mean for Bromma is higher than that 
for Larkhill. Considering the rather large 
standard deviation (0) of the values, this dif- 
ference is not well established. The same can be 
said with regard to the phase difference which 
is only 10° while the values are given for 
intervals of two months. The lowest values 
are found in summer when both the meridional 
temperature gradient and the winds are weak. 


Computed values of eddy flux of latent heat 


The mixing ratio normally decreases rapidly 
with height and as we shall see later, little 
of the heat transport will be lost if the compu- 
tations are restricted to levels below 400 mb. 
In table II are given computed values of the 
northward eddy flux of latent heat. To fa- 
cilitate a direct comparison with the values in 


table I the values = V’X’ are given in table II. 
p 
Fig. 4 shows the time variation of the flux in 
different levels, and fig. 5 shows the variation 
of the flux with height in winter and summer 
and for the yearly mean. We see that the 
flux of latent heat over Bromma is directed 
poleward at all levels up to 400 mb. It is of 
the same order of magnitude as the eddy 
flux of sensible heat. This must be heavily 
stressed as it is still assumed by some authors 
that this transport can be neglected. The 
importance of the latent heat flux is, however, 
much less at Bromma than at Larkhill, and it 
may be supposed to decrease even more at 
higher and cooler latitudes. From fig. 5 it 
appears reasonable to neglect the eddy flux 
of latent heat above the 400 mb level. From 
the same figure it is obvious that there is 
only a small difference in flux between the 
summer and winter seasons at both stations 
(see also the equations below). This must 
result from the fact that the values of mixing 
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Fig. 4. Northward eddy flux of heat in latent form 


or 
= V’X’ at Bromma and at Larkhill at the 950 and 700 
Pp 

mb levels. 


ratio reach maxima in the summer while 
migrating pressure systems with high values 
of turbulent winds reach their largest inten- 
sities in the winter. The values of the edd 

flux of latent heat at Bomma and Larkhill for 
the period in question are represented by the 
following harmonic functions computed by 
the method of least squares ; 


mb 
400] 
Bromma Larkhill 
—— —— 
500! See 
600| 
700) 
800) 
900 Y 
edn of 4 
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Fig. 5. Variation with pressure of eddy flux of heat in 
i igen) 
latent form — V’X’ at Bromma and at Larkhill. For 


cp 
Bromma only the annual mean curve is drawn. 
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Northward eddy flux of momentum at Bromma 


Table III. 
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+, q Table IV. Values of V’T’, VX’ and U’V’ com- 
& Pi puted from geostrophic winds 60° N and 15°— 
E 2 20° E (I) and measured winds at Bromma 59° 21’ N 
£ e 17° 57° E November 1947 (11) 
° Lai 
X x (The units are 
N in the same as in VT’ VX! V’U’ 
° on a © Tables I—III) 
= © 6) fo) Era 
3 > ar I 8somb | + 39 NT + 156 
g D ei m x. + 7 Le a II 900 mb + 40 + 10 + 95 
RE Re pel Ont Gol. ail 46 I 700 mb | + 54 eh Wo 
g | © =F a2 as | + II 700 mb | -+ 45 ee 00 
= 1 x © © a I soo mb | + 3 + 2 + 144 
S o ° o & o 5 II 500 mb — 12 + 2 — II0 
Ty hie |b ar 
RC a PR MENT 
3 É Ha) Selen Larkhill 
| + ++) + | + y = [0.10 cos (x + 30) + 0.64]\ , 7 
Pha Nes = pro age: “| + 0 =—0.20 f = BAe. 
ES | = E BERN RE PTGS RE cm min 
PE et 
eng 7 aT aT eo) Bromma 
"3 3 (6) 4 © je) H © 
Beeren el) | y ="[0.06 cos (x +30) 40.36] cn 
à voiries o = 0.14 f° 19 gcal/ 
PSS UN CR ae CS > cm min 
DE eel ae DE BE 
Lam | 
Eu, = À ‘ : 
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and 250 mb levels, shows that the flux is 
slightly negative both at 300 mb and at 250 
mb. An integration from 400 mb to 250 mb 
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Fig. 6. Northward eddy flux of momentum U’V’ at 
Bromma and at Larkhill at the 950, 700 and 400 mb levels. 


does not give any contribution to the flux of 
sensible heat and in very high levels the 
contribution is, in all probability, very small. 


Exchange of angular and linear momentum 


According to Jeffreys the total poleward 
flow of angular momentum across a latitude 
circle in stationary conditions is proportional 
to 


[ da f oUVdz 


where U is the horizontal eastward wind 
component. Thus the total flow of angular 
momentum is equal to the flow of linear 
momentum. A computation of the eddy 


flux of momentum U’V’ for Bromma has been 
carried our for the same 12 two-monthly 
periods as mentioned before. The results are 
given in table III (see also fig. 6). In the lowest 
levels the flux is in general positive, i.e. directed 
poleward, at higher levels .there are both 
positive and negative values. Fig. 7 shows the 
summer, winter and annual means. The 
Bromma annual mean decreases slightly with 
height while the corresponding curve for 
Larkhill shows that it is fairly constant. The 
largest discrepancy between the two sets of 
values occurs in winter when the flux clearly 
increases with height at Larkhill and decreases 
slightly with height at Bromma. The total 
flow or stress per unit length can be represented 
by the harmonic curves; 


Larkhill 
y = [1.78 cos (x + 0) + 1.30]. 
oligo ar dyne/cm 
Bromma 


y = [o.27 cos (x — À al. 10 dl 


The zone south of Bromma thus exerts a 
stress towards the east upon the zone north 
of Bromma. This stress almost disappears 
during the summer. During the winter this 
stress is also relatively small, less than one 
sixth of the corresponding stress at Larkhill. 
At higher levels (300 mb and 250 mb) for 
Bromma the stress, computed from the scanty 
material available for these levels, is westward 
and therefore further reduces the absolute 
value of the total eastward stress. From 
Wincer’s (1949) data it appears that at so’ N 
the flux of momentum across the whole 
latitude circle in Jan. 1946 decreased with 
height from the 850 mb level to the 700 mb 
level and then increased to the soo mb level. 
At 60° N the same conditions prevailed, but 
the absolute values were smaller, at the 700 
mb level being almost equal to zero. Thus the 
eddy flux of momentum at Bromma as well 
as at Larkhill appears to be at variance with 
the mean transport across the corresponding 
latitude circles. It is not in any way sur- 


prising that single station values of U’V’ are 


different from the mean of UV, especially 
since a period of one month is fairly 
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short. One might also imagine that these 
discrepancies depend to some extent upon 
the fact that Widger used geostrophic winds 
whereas for Bromma and Larkhill the actual 
winds were used. This question may be studied 
if the eddy flux for one station is com- 
puted from the actual winds and from the 
geostrophic winds as well. The transport of 
heat and momentum during November 1947 
has been computed for the latitude circle 
60° N (NyBERG and FRYKLUND, unpublished). 
If values for the longitudinal zone 15°—20° E 
are compared with values obtained from 
actual winds at Bromma 59° N 18° E, there is 
good agreement in the transport of latent 
heat (see table IV). The values obtained from 
the actual winds give smaller values however. 
‘The same is true of the sensible heat transport 
(note that at soo mb the difference is fairly 
large and the flux is even of opposite direc- 
tion). Finally, if we consider the eddy flux of 
momentum the discrepancies between the 
values obtained by the two methods are very 
large. However, the values for this month 
are small and too much significance should 
not be given to this discrepancy. If one as- 
sumes that the values reported by the stations 
are correct it is clear, however, that values of 
T and X may be accurately taken from synop- 
tic charts but values obtained for the winds are 
less accurate. The winds were measured with a 


geostrophic wind rule. Both V’and U’ (the eddy 


components of the geostrophic wind) contain 
inaccuracies and the correlation between them 
becomes uncertain. Therefore it is reasonable 
to suspect that although one may obtain a 
fairly good estimate of the eddy heat flux by 
using geostrophic winds it is not sufficient to 
use geostrophic winds obtained from synoptic 
charts for the computation of the eddy mo- 
mentum flux for one station (or a small part 
of a latitude circle) during a period as short as 
one month. 


The toroidal flux 


Under stationary conditions we may write, 
according to Jeffreys, 
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Fig. 7. Variation with pressure of eddy flux of momen- 
tum at Bromma and at Larkhill. 


and assuming geostrophic winds, V,, we have 
at every level 


27 
jal dhe Oo 


If the mean of V at some levels has a net com- 
ponent (with mass transport) directed poleward 
27 


or equatorward, i.e. if J Vda = 0, as much 
oO 


mass must be transported in the other direction 
in other levels, assuming stationary conditions. 
RossBy (1941) represented the mean circula- 
tion of the middle latitude cell as toroidal; the 


mean value V being positive (poleward) at 
low levels due to the surface friction and 
negative at high levels. In view of the 
distribution of temperature and moisture 
with height, this would lead to a net trans- 
port of heat towards the north. The direc- 
tion of the energy flux is doubtful as the 
potential temperature increases with height. 
Priestley in agreement with Rossby’s hypothesis 
found such a toroidal component at Larkhill. 
A similar result was obtained at Bromma. We 
would like to suggest, however, that these 
results may be related to the geographical 
positions of the stations. Locally, one may get 
toroidal components even from geostrophic 
winds. A study of the variation of wind with 
height at the station Caribou (47° N, 68° W), 
showed a toroidal component in the opposite 
direction. It seems to us that one may not 
draw any conclusions concerning a general 
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toroidal circulation from such material. Results 
recently published by PALMÉN (1950), RIEHL 
and YEH de 50) and PRIESTLEY (1950) show that 
at 40° and at lower latitudes there is an average 
poleward wind in the upper troposphere and 
an average equatorward wind in the lower 
troposphere. At 50° N these conditions accord- 
ing to INGRID REINEKE (1950) are presumably 
reversed. In the area over the British Isles and 
central Europe she has demonstrated a per- 
sistant deviation of the geostrophic wind 
towards the pole in lower levels and equator- 
wards in the upper troposphere. For higher 
latitudes no computations are known to us. 


Net gain of heat and momentum in the 
latitude zone 51° 11’ N—59° 21’ N 


It is tempting to compute the net eddy flow 
of sensible and latent heat supplied to the zone 
between 51° 11° N and 59° a1’N. This may 
be accomplished if we assume that the values 
for Larkhill and Bromma are representative 
for these latitudes. Such an assumption is 
certainly questionable but, considering the 
relatively long period used (2 years), it may 
be justified for the purpose of a first direct 
trial. It is hoped that other computations based 
on more complete material will be carried out. 

If Q is the total eddy heat flow per second 
across the latitude in question we have 


Q=2nR cos - S 


Po 


4 Po 
cas Di Babe 
ce [2 {wr “ie = | PW Xap | 
g . g. 2 


Oo 


The mass of air between the latitudes y, 
and @; is 


Pa Po 
M =~ f 22 Re cosp do J dp 
ON ch fe) 


If the mean temperature increase per second 
in all levels and in the whole zone is equal 
to OT we get 


Qı— Q2 = &: M- oT 


where Q, and Q, are the values of Q at the 
latitudes 9, and y. When 9, is 51° 11’ and 
P2 = 59° 21’ we find the temperature increase in 


24 hrs A T = 86400 : dT = 0.30° C/24 hrs (cor- 
responding to a heat gain of 0.05 gcal/cm? min 
in the zone). This means that in one day 
the eddy flux of total heat is sufficient to 
compensate for a heat loss by radiation of 
0.3° C/24 hrs. No significant annual variation 
of this value has been obtained. Most of the 
heat gained seems to result from the condensa- 
tion of water vapor in the zone. 

In the same way we have computed the net 
gain of heat in the polar zone north of 59° 21’. 
We obtained the following values of A T; 


Annual mean A Ti, = 0.38°.C/24 hrs 
N Tja = 0.54° C/24 hrs 
N Tu 0.22" Gag hrs 


January 
July 


Most of the heat gain north of 59° N results 
from the transport of sensible heat. 

The eddy flux of momentum across a 
latitude circle 9; is 


Po 
Fing; = 200iR3 cos? 9; . 5 J UV’ dp 
O 


The net gain of momentum in a zone be- 
tween the latitudes y, and @ is Fing, — Fing,- 
In a stationary state this must be compensated 
by the effect of surface friction. 


If the mean surface frictional westward 


- drag on the atmosphere in that zone is % 


dyne/cm? we have the total flux of eastward 
momentum from the atmosphere to the earth 


Pa 
Pe Zu Fes — A a 27 R® cos? p do 


Fı 


From this equation we obtain the annual 
mean 


To = 1.5 dyne/cm? 


In January the corresponding drag is 3.6 
dyne/cm? and in July it is even slightly west- 
ward. Although the extreme values must be 
considered very uncertain owing to the great 
variability of the flux, the annual mean 
should give a much better estimate of the 
surface friction. However, even the annual 
mean has a standard error of 0.5 dyne/cm?. 
According to the data the eddy flux of mo- 
mentum would supply sufficient momentum 
to compensate for a large part of that lost in 
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the zone due to surface friction. According to 
SVERDRUP (1945, p. 120) To = 1.5 dyne/cm? 
corresponds to a surface wind over the occan 
of 7 m/sec and 3.6 dyne/cm? corresponds to 
a wind of 10 m/sec. | 

The mean frictional drag of the earth north 
of s9°N is small. The annual value is o.1 
dyne/cm?, the January value 0.2 dyne/cm? 
and the July value vanishes. These low values 
are consistent with the existence of both 
easterly and westerly mean winds in the polar 
zone. 


Conclusions 


The results for Bromma support the results 
obtained by Priestley for Larkhill. The eddy 
flux of sensible heat per unit length of latitude 
circle is approximately equal and has the same 
annual variation. The eddy flux of latent heat is 
at Bromma much less than at Larkhill, and 
the amplitude of the annual variation is very 


small. The eddy flux of momentum at Bromma 
disappears in the summer and even in the 
winter is less than 1/6 of the flux at Larkhill. 

An estimation of the heat gain due to the 
eddy flux gives values for the mean tempera- 
ture increase in 24 hours amounting to 0.3° C 
in the zone between $0°—60° N and 0.4° C 
north of 60° N. The temperature increase in 
24 hours north of 60° N is 0.2° C in July and 
0.5° C in January. The heat gain in the zone 
between 50° N and 60° N seems to be almost 
entirely dependent upon the eddy flux of 
latent heat, whereas north of 60° two thirds 
come from the eddy flux of sensible heat and 
one third comes from the eddy flux of latent 
heat. A similar estimation of the westward drag 
on the atmosphere due to surface friction 
gives a mean value of 1.5 dyne/cm? between 
50° and 60° N. In January the drag is 3.6 
dyne/cm? and in the summer the drag is 
even slightly westward. In the zone north of 
60° N the mean drag even in the winter is a 
very small quantity. 
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Abstract 


The results of the individual analysis of six cases of Atlantic blocking action are pre- 
sented in the form of mean surface and upper-level pressure distributions and of mean 
regional precipitation and surface-temperature isanomal patterns for winter and for summer 
blocked periods over the European area. A “mean” blocked sea-level pressure distribu- 
tion, together with its associated isanomal pattern, are compared with similar charts 
constructed for a case of strong European zonal flow. A summary of the weather regime 
associated with European blocking is given, and variable blocking activity is discussed 
as a factor in the recent climatic change which has been observed over the North Atlantic- 


European area. 


Introduction 


In a previous paper (REx 1950 b) an analysis 
of the mean surface-temperature and precip- 
itation anomalies, as well as of the mean surface 
and upper-level (500 mb) pressure distributions, 
associated with two cases of European (At- 
lantic) blocking action was presented. The 
cases analyzed occurred in January 1947 
(winter) and in June—July 1949 (summer). 
Because of the demonstrated position-stability 
of Atlantic blocks and in view of the moderate 
success achieved in correlating the blocking 
“index” with corresponding European tem- 
perature and precipitation trends (see REx 1950 
b, figs. 13 and 14), it was assumed that these 
two case analyses were representative of the 
climatic effects of blocking action quite gener- 
ally. Nevertheless it appears desirable to further 
test the validity of this assumption through 
the analysis of additional blocked periods. This 
was thought to be particularly pertinent since 
the effect of changes in the internal geometry 
of the blocked circulation pattern or of minor 
changes in the block’s position might be sup- 
posed to produce relatively large distortions 
in the associated climatic isanomal patterns 
produced. 

. Accordingly four additional blocked periods 


over Europe (two winter and two summer) 
have been analyzed and the results combined 
with those previously reported in order to 
determine mean seasonal blocked climatic 
patterns for the European area. The purpose 
of this paper is to describe the mean winter 
and mean summer climatic patterns obtained 
and to discuss in some detail the weather regime 
over the North Atlantic-European area asso- 
ciated with Atlantic blocking action. 

In Table I the six periods used in comput- 
ing the mean blocked patterns are listed. 
The new periods selected were taken from 
the Blocking Case Catalog (REx 1950 b, Table I) 
and represent in each case examples of clearly 
defined blocking action. The 1948 and 1950 
winter cases were chosen in particular since 
mean pressure pattern analyses were already 
available for these periods as a result of previous 
work (see Rex 1950 a). The 1947 summer case 
is of special interest in view of the almost 
cataclysmic ablation observed on Scandinavian 
glaciation during this summer season; the 1935 
summer case represents an example of strong 
blocking from the 1930—39 decade. 

As shown in Table I the average longitude 
of initiation for the winter cases is 20° W 
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Table I. Blocked periods 
Period Initial : = = 
Year | Frs | Long. | Duration NT and NR & | Remarks 
pe eee ee 
Winter: | | | 
1950 18/1—2/2 as WW 16 days January 2.0 New case 
1948 16/2—29/2 2550 Wi. | 14 days February 2.0 New case 
1947 16/1—31/1 10° W 16 days January 2.0 REX (1950 b) 
| | 20° W | 46 days | | | 
Summer: 
1949 16/6—7/7 17° W 22 days 2/, June+1/,July 1.4 REX (1950 b) 
1947 8/8—7/9 15° W 31 days 3/,Aug.+!/,Sept. £50 New case 
1935 1/5—31/s 20° W 31 days | May 1.0 New case 
| [ww | mu | ag 


(17° W for the summer cases) which agrees 
rather well with the corresponding mean long- 
itudes of block initiation for the months 
concerned, 19° W and 12° W longitude respec- 
tively (see Rex 1950 b, fig. 2). The average 
durations of the three winter and three summer 
cases are 15 and 28 days respectively in compar- 
ison with a most probable duration for Atlantic 
blocking action of 14 days (see Rex 1950 b, fig. 
4). The slight westerly displacement (5° in 
longitude) and the abnormally long duration 
(twice ‘‘normal’’) of the summer cases should 
not appreciably affect the mean summer 
pattern computed from these cases. We may 
therefore expect the computed pressure and 
anomaly patterns to be representative of At- 
lantic blocking situations in general, i.e. 
within the limitations of the semi-statistical 
results previously reported (REx 1950 b). 

It will be noted that the 1935, 1947 (winter) 
and 1950 periods as indicated in Table I do not 
exactly agree with the corresponding periods 
as given in the Blocking Case Catalog, referred 
to previously. Periods as indicated in the table 
define the intervals over which the mean 
pressure and isanomal patterns have been com- 
puted; in the cases just mentioned the compu- 
tation has been carried over an interval slightly 
shorter than the actual blocked period in order 
to simplify the computation of the climatic 
anomalies. 


Method of Analysis 


Mean surface and upper-level charts for each 
of the six cases were computed by taking 


4—101240 


arithmetic means of the daily values of pressure 
and contour height at points located 5° of 
latitude apart (from 30° N to 80° N latitude) 
and lying along each tenth principal meridian 
from 50° W to 70° E longitude. Sea-level 0600 
GMT (1300 GMT May 1935 only), 3000 
dynamic meter 0900 GMT, and soo mb 0300 
GMT (0500 GMT 1947 cases only) analyses 
were used for this purpose; the chart series 
used in each case are listed under Data Sources 
and are given at the conclusion of this paper. 

Isanomal charts of mean surface-temperature 
and precipitation for each of the six cases were 
constructed using anomaly values computed 
for approximately 200 stations in the area, 
with respect to the fifty-year period, 1881— 
1930. Monthly normal values of both temper- 
ature and precipitation were taken in most 
instances from published data given by Köppen 
and GEIGER (1932 a and b, 1935 and 1939), 
CLAYTON (1927 and 1934), Hann (1911), U. 
S. WEATHER BUREAU (1938), BRITISH METE- 
OROLOGICAL OFFICE (1919), and KENDREW 
(1922), although occasional use of normal 
values, as published in the various monthly and 
yearly meteorological and climatological bul- 
letins and yearbooks, was made. In many 
instances 1881—1930 normal values were not 
available and in such cases the most suitable 
substitute values were used. The isanomal 
patterns obtained reflect in general variations 
from the 1881—1930 normal. 

Whenever available, daily-mean surface- 
temperatures were taken directly from data 
published by the various national meteoro- 
logical services, and mean station values, taken 


Fig. 1. The European WINTER Block. Absolute topo” 

graphy of the soo mb surface shown by the thin dashed 

lines; contour heights given in dynamic decameters. 

Sea-level pressure distribution shown by the thin solid 
‚lines; pressures given in millibars. 


over the particular periods in question, were 
computed as follows; 


where n is the number of days in the period 
and Tr, T2, etc. are the several daily-mean 
values. The arithmetic mean, A, of the daily 
mean surface-temperatures, taken over a given 
period, will define, for the purposes of the 
following discussion, the mean surface-tempera- 
ture for the period. In other instances mean 
surface-temperatures were computed from tabu- 
lated values of the daily maximum and mini- 
mum temperature in accordance with the 
following; 
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where n is defined as in equation (1) and Ti’, 
T2°, etc. and Ty’, T2/, etc. are the several daily 
maximum and minimum values respectively. 
For a small number of stations, principally 
located in the Russian and Mediterranean 
arcas, mean surface-temperatures were approxi- 
mated from equation (2) by substituting ob- 
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served 0600 and 1800 GMT temperatures for 
the daily maximum and minimum values, or 
as follows; 


= Ve. = (AD), 
(3) 


where n is defined as in equation (1); Tx”, T2”, 
etc. are the several daily 0600 GMT temper- 


ature values: and AD is the mean diurnal sur- 
face-temperature range for the area (station) 
and season in question. Mean monthly values 
for the diurnal surface-temperature range at 
various stations were taken from SHAW (1936, 
Il, pp. 60—85). Values for the daily-mean, 
0600 and 1800 GMT, and maximum & mini- 
mum surface temperatures (as well as monthly 
mean values) were taken from the bulletins, 
yearbooks and summaries published by the 
several national meteorological services within 
the area in question; these sources are listed 
under Data Sources and are given at the conclu- 
sion of this paper. Finally, normal temperature 


values, Nr, for each of the some 200 stations 
used and for each blocked period were com- 
puted from the monthly normal values as indi- 
cated in Table I, column $ and the correspond- 
ing mean surface-temperature anomalies in °C, 
P, obtained as follows; 


Az 


SIH 


P — A a Nr, (4) 


where A is defined as previously and given 
in °C, and Nr is the corresponding 1881— 1930 
normal station temperature in °C for the 
particular period in question. Although the 
use of several techniques for computing, or 
approximately calculating, the mean surface- 
temperature will no doubt introduce small 
discrepancies into the analysis, the continuity 
observed in the resulting field of temperature 
anomalies suggests that these errors are of 
minor significance. 


Similarly, precipitation anomalies, in percent 
of normal, R, for each station used and for 


each blocked period were computed in accord- 
ance with the following; 
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where IS is the total fall recorded during the 
period in question; Nr is the 1881—1930 
normal 30-day station precipitation (measured 
in the same units as those used for ES and 
computed as indicated in Table I, column y's 
and « is a dimensionless factor needed to 
express R in percent of the normal for the 
period-length in question. Approximate values 
for the factor « are given in Table I, column 6. 
Daily (and monthly) precipitation values were 
taken from the various publications mentioned 
in the preceeding paragraph; these sources are 
listed under Data Sources and are given at the 
conclusion of this paper. 

From the mean surface and upper-level 
charts and from the mean surface-temperature 
and precipitation isanomal analyses completed 
for the six individual blocked periods, the 
corresponding WINTER and SUMMER charts and 
analyses were constructed. The designations 
WINTER and SUMMER will be used in the fol- 
lowing discussion to indicate averages taken 
over the three winter and over the three 
summer periods (given in Table I) respecti- 
vely. In the case of the surface and soo mb 
analyses, the mean seasonal charts were ob- 
tained by taking arithmetic means of the 
values of pressure and contour-height at the 
fixed grid points described in an earlier para- 
graph for the three winter and three summer 
cases. The mean upper-level analysis for the 
May 1935 case is a 3000 dynamic meter, 
constant-level chart in view of the fact that 
no soo mb analyses were available for this 
period. In order to permit the inclusion of this 
case in the SUMMER 500 mb chart, the pressure 
values given at the 3000 dynamic meter level 
were extrapolated to the soo mb level and the 
corresponding contour-heights used in the 
averaging process. 

In order to obtain mean seasonal isanomal 
charts of temperature and precipitation over 
the area in question a grid extending from 
25° W to 45° E longitude and from 31° N 
to 75° N latitude was drawn on each of the 
isanomal charts for the six blocked periods. 
The dimensions of the unit grid “square” used 
were 2° of longitude by 2° of latitude except 
over Russia, Finland and ocean areas where 
the unit “square” measured 4° of longitude 
by 2° of latitude; no grid points were taken 
between the 31st and 36th or between the 
zoth and 7sth parallels of latitude. The mean 
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seasonal isanomal charts were obtained by 
taking arithmetic means of the values of mean 
surface-temperature and precipitation anomaly at 
the grid points just described for the three 
winter and three summer cases. A grid system 
was employed for determining the WINTER and 
SUMMER isanomal patterns because of the lim- 
ited number of stations for which data was 
available for each of the blocked periods 
analyzed. Mean seasonal anomalies were cal- 
culated directly for selected stations, located 
within areas of maximum precipitation and 
temperature anomaly, in order not to lose 
extreme values in the averaging process. 


The Surface and Upper-Level Pressure 
Distributions 


In figure 1 the WINTER 500 mb contour 
pattern (thin dashed lines) is shown super- 
imposed over the corresponding surface pres- 
sure pattern. A well developed blocking high 
is centered at the surface over the southern 
Scandinavian peninsula with anticyclonic flow 
dominating almost the entire Eurasian area. 
The anticyclonic center aloft is shifted some- 
what toward the west over the North Sea 
area, indicative of a strong west-east tempera- 
ture gradient in the lower troposphere. A 
strong trough aloft extends from the White 
Sea area across Russia and central Europe almost 
to the French Atlantic coast. 
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Fig. 2. The European SUMMER Block. Absolute to- 

pography of the soo mb surface shown by the thin 

dashed lines; contour heights given in dynamic deca- 

meters. Sea-level pressure distribution shown by the thin 
solid lines; pressures given in millibars. 
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Fig. 3. The European “‘Mean’’ Block. Sea-level pressure 

distribution, not associated with any particular season, 

shown by the thin dashed lines; pressures given in milli- 

bars. Isanomal pattern, constructed for the ‘mean’? 

block, shown by the thin solid lines; pressure anomalies 
given in millibars. 


The absence of any appreciable variation in 
pattern geometry between the three winter 
cases analyzed is most striking. For example, 
a comparison between figure 1 and the corre- 
sponding figure for the January 1947 case (see 
Rex 1950 b, fig. 7) shows remarkable agree- 
ment in the location and relative orientation 
of the various features of the block. Pressure 
gradients are however somewhat weaker in 
the January 1947 case, and the downstream 
trough over western Russia is more strongly 
developed both at the surface and aloft. 

In figure 2 the SUMMER 500 mb contour 
pattern (thin dashed lines) is shown super- 
imposed over the corresponding surface pres- 
sure pattern. À blocking high, centered at the 
surface over northern Scotland and located 
immediately beneath the upper ridge-line, is 
again observed. As would be expected in the 
SUMMER pattern the low-pressure area centered 
over Russia at the surface is relatively stronger 
and the surface blocking anticyclone itself, 
relatively weaker as compared with the Win- 


TER pattern. Both the upper ridge and down- - 


stream trough shown in figure 2 are relatively 
weaker as a result of the much less intense 
circulation observed during the summer season 
(compare figures 1 and 2). The essential geo- 
metry of the block however is retained without 
major modification in both the Winter and 
SUMMER patterns. 
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Again the absence of variation between the 
three summer cases analyzed is noteworthy. 
A comparison between figure 2 and the corre- 
sponding figure for the June-July 1949 case 
(see Rex 1950 b, fig. 10) shows a striking 
similarity between these two patterns. The 
principal difference, as in the winter case, is 
a stronger development during the June-July 
1949 period of the downstream trough over 
western Russia both at the surface and 
aloft. ; 

In order to obtain a “mean” surface blocked 
pattern, not associated with any particular 
season, arithmetic means were taken of the 
pressure values given by the two seasonal sea- 
level analyses (figures 1 and 2), using the grid 
system described in the first paragraph of the 
foregoing section. The resulting “mean” sur- 
face chart is shown by the thin dashed. lines 
in figure 3. The use of this chart, as being 
generally representative of the sea-level pressure 
distribution associated with periods of Atlantic 
blocking, is thought to be permissible in view 
of the strong similarity between the individual 
WINTER and SUMMER surface pressure patterns. 
Also shown in figure 3 is the sea-level pressure 
isanomal pattern (thin solid lines) correspond- 
ing to the overlying “mean” sea-level pressure 
pattern. In constructing this isanomal pattern, 
“mean” sea-level pressure anomalies, with re- 
spect to normal sea-level pressure values given 
for the twenty-year period 1920—1939 by 
U. S. WEATHER Bureau (1946), were com- 
puted at the points of intersection of every 
fifth principal meridian and latitude circle 
within the area extending from 50° W to 
70° E longitude and from 30° N to 75° N 
latitude; only intersections of odd numbered 
meridians with odd numbered latitude circles 
and of even numbered meridians with even 
numbered latitude circles being taken. The 
pressure isanomal pattern obtained shows a 
large area of abnormally high pressure, cen- 
tered over southern Norway, with maximum 
positive anomalies of 15 mb at the center. Two 
areas of abnormally low pressure, although of 
much lesser intensity, are centered off the 
southern tip of Greenland and over the east- 
central Atlantic and Mediterranean areas, with 
maximum negative anomalies in each case of 
4—s mb at their centers. It is interesting to 
compare the isanomal pattern of figure 3 (which 
may be taken as representative of winter blocks) 
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with the pattern of wintertime mean sea-level 
pressure-change from the period 1900—1919 
to the period 1920—1939 which is given by 
PETTERSSEN (1949, fig. 2). The general agree- 
ment observed between these patterns suggests 
increased wintertime blocking activity as a 
possible causative factor of importance in 
producing the changes in wintertime mean 
sea-level pressure distribution which have 
occurred between the two periods 1900— 1919 
and 1920— 1939. 


In order to emphasize the essential differences 
between a blocked-type circulation and a 
strong zonal type over the European area, a 
chart of the mean surface pressure distribution 
was constructed from daily 0600 GMT sea- 
level charts for the month of January 1949 and 
is shown in figure 4 by the thin dashed lines. 
The month of January 1949 provides an ex- 
cellent example of strong European zonal flow 
of the type described by Rex (1950 b, pp. 
293— 294). As shown in figure 4 the period 
was characterized by the development at the 
surface of a continuous belt of low pressure, 
extending from southern Greenland, over 
Iceland and the North Cape region, to the 
Novaya Zemlya area. In the same figure a 
continuous high-pressure belt is shown ex- 
tending across the central Atlantic, over 
southern Europe, to the Black Sea area. Be- 
tween these two zones a strong, and essentially 
zonal, westerly current is maintained. A com- 


parison between the thin dashed-line patterns : 


shown in figures 3 and 4 will clearly demon- 
strate the marked differences which exist be- 
tween these two circulation types. 


Also shown in figure 4 is the surface pressure 
isanomal pattern (thin solid lines), correspond- 
ing to the overlying mean January 1949 sea- 
level pressure distribution (thin dashed lines). 
The isanomal pattern was constructed in the 
same way as that described in the preceeding 
paragraph and shows two principal areas of 
abnormal pressure, one located over Novaya 
Zemlya with maximum negative anomalies of 
18 mb at the center and the other located over 
the North Atlantic, south of Greenland, with 
maximum positive anomalies of 13 mb atthe 
center. From a comparison of the isanomal 
patterns of figures 3 and 4 we see that strong 
zonal-type circulation may be considered to 
be an almost exact opposite to the blocked type. 
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The Mean Surface-Temperature Anomaly 


The WINTER isanomal pattern of mean sur- 


face-temperature is shown in figure 5. The 


corresponding WINTER sea-level pressure dis- 
tribution and soo mb topography have been 
given in figure 1. As may be seen, strong 
positive anomalies (> + 2° C) dominate the 
entire north- and polar-Atlantic and extend 
across Scandinavia as far east as the Urals in 
Russia. These abnormally high temperatures 
result from a strong flow, both at the surface 
and aloft, of maritime air from the central- 
Atlantic around the blocking ridge into north- 
western Russia; maximum positive anomalies 
reach 5° C over northern Scandinavia and 8° 
C over Spitzbergen, Iceland and the coast of 
East Greenland. Strong negative anomalies 
(> — 2° C) dominate continental Europe and 
southwestern Russia with maximum negative 
values of 8—g° C over the Balkans and central 
Europe. These low temperatures result from 
the movement of cold polar or arctic air from 
the White Sea—Novaya Zemlya area across 
western Russia and into central Europe under 
the influence of the anticyclonic flow around 
the eastern side of the blocking anticyclone. 
The zero isanomal line, orientated approxi- 
mately east-west except over the Atlantic, 
crosses the area at about 58° N latitude. It is 
interesting to compare the isanomal pattern of 
figure 5 with the pattern of 20-year winter 
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Fig. 4. A Case of Strong European Zonal Flow (January 

1949). Mean sea-level pressure distribution shown by 

the thin dashed lines; pressures given in millibars. Is- 

anomal pattern, constructed for the mean January 1949 

sea-level chart, shown by the thin solid lines; pressure 
anomalies given in millibars. 
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Fig. 5. The European WiNTER Temperature Isanomal 
Pattern. Isanomal lines are given for each 2°C above 
and below normal and are shown by the thin dashed lines. 
Areas recording mean temperatures more than 4° C 
above normal are indicated by the horizontal hatch- 
ing; "areas recording mean temperatures more than 
4° C {below normal are indicated by the vertical 
hatching. 


temperature-change (1921—1940) given by 
WILLETT (1950, fig. 5). As may be seen, within 
the North Atlantic-European area, the geo- 
metry of the two patterns is essentially similar, 
again suggesting the action of increasing winter 
blocking activity during the 1921— 1940 period. 

In figure 6 the SuMMER isanomal pattern of 
mean surface-temperature is illustrated; the cor- 
responding SUMMER surface and 500 mb charts 
being given in figure 2. The basic pattern 
shown closely resembles that given for the 
winter season, with positive temperature anom- 
alies dominating the more northerly latitudes 
and negative anomalies observed over southern 
and central Europe and western Russia (com- 
pare figures 5 and 6). The SUMMER pattern is 
displaced somewhat southward and rotated 
anticlockwise with respect to the former case; 
the line of zero anomaly now running approxi- 
mately along the northwestern coastline of the 
European mainland (except over France where 
it is displaced far inland). Maximum positive 
anomalies of 4° C over the Atlantic, south of 
Iceland, and of 3° C over southern Norway 
and northwestern Russia are observed; negative 
anomalies reach extreme values of 5° C over 
southwestern Russia and 3° C over Spain. As 
would be expected summertime temperature 
anomalies do not reach the extreme values 
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observed during winter in view of the less 
intense summertime circulation. 

A comparison of figures 5 and 6 with the 
corresponding figures for the January 1947 and 
June-July 1949 cases (see REx 1950 b, figs. 9 and 
12) shows a striking similarity between the 
two summer and the two winter isanomal 
patterns. A lack of appreciable variation 
between the individual cases of the two 
seasons is again quite evident. This similarity 
not only relates to pattern geometry but also 
to the magnitudes of the extreme anomalies 
observed in each case. 


The Precipitation Anomaly 


In figures 7 and 8 are shown the WINTER and 
SUMMER precipitation isanomal patterns for the 
European area. The corresponding mean sea- 
level and soo mb charts are given in figures 
1 and 2. In general both patterns show a marked 
reduction in precipitation over the entire 
Eurasian area with normal or greater than 
normal values observed principally over the 
North Atlantic and northwestern Norway and 
over the east-central Atlantic and western 
Mediterranean coasts, in association with the 
two major cyclone tracks characteristic of 
blocked periods (see REx 1950 b, pp. 285—286). 
Areas of normal or greater than norma 
precipitation over the Continent are confined 
to isolated coastal and upland areas. 

A comparison of figures 7 and 8 shows 
rather good general agreement in the relative 
geometry of the two patterns. The more 
important differences are discussed in the fol- 
lowing (refer to figures 1 and 2): 

a. Swedish East Coast: — The more intense 
summertime development of the surface 
low-pressure area Over western Russia pro- 
duces an increased onshore wind-compo- 
nent along the coastline in question. As 
a result increased precipitation is recorded 
in this area for the SUMMER case. 

b. British Isles : —Light northerly surface winds 
over the British Isles characterize the Sum- 
MER case, and an extremely scanty rainfall 
results. In the WINTER case east to south- 
easterly surface winds produce. moderate 
precipitation amounts along the southern 
and eastern (windward) coasts and over 
upland areas. 

c. Balkan Area: — Here we observe a shift in 
the mean surface air flow from northerly in 
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the SUMMER case to easterly in the WINTER 
case accompanied by a displacement of the 
area of maximum precipitation anomaly 
from the north slopes of the Carpathians to 
the western slopes of the Austrian Alps. 


d. Central Russia: — The more intense sum- 
mertime development of the cyclonic center 
over western Russia, which has been men- 
tioned above, produces a strengthened 
mean northward flow of warm moist air 
from the Black Sea region out over central 
Russia. Precipitation amounts accordingly 
exceed normal in this area for the SUMMER 
case. 


e. East-Central Atlantic (Spanish Mainland ) : — 
A shift toward the northwest and an in- 
tensification of the blocking ridge at the 
surface for the SUMMER case is indicative of 
a decrease in the number of storm centers 
moving into the Mediterranean area along 
the southerly storm track. SUMMER case 
anomalies in the area are accordingly lower. 


Although the seasonal pattern differences 
just discussed are greater than those observed 
in the case of the corresponding temperature 
isanomal patterns, they do not mask the basic 
features of the blocked pattern; i. e. subnormal 
precipitation values for Eurasia generally with 
a tendency toward supranormal amounts over 
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Fig. 6. The European SuMMER Temperature Isanomal 
Pattern. Isanomal lines are given for each 2° C above 
and below normal and are shown by the thin dashed 
lines. Areas recording mean temperatures more than 
4° C above normal are indicated by the horizontal 
hatching; areas recording mean temperatures more 
than 4° C below normal are indicated by the vertical 
hatching. 
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the North Atlantci and in the east-central 
Atlantic and western Mediterranean areas. 

In order to demonstrate the stability of the 
mean seasonal precipitation patterns, we com- 
pare figures 7 and 8 with the corresponding 
figures for the January 1947 and June-July 1949 
cases (see Rex 1950 b, figs. 8 and 11). Again 
the two sets of patterns will be seen to closel 
resemble one another, although the variability 
in’this case in somewhat greater than that found 
for the mean seasonal patterns of pressure and 
temperature. It should be noted that the sub- 
sequent inclusion of precipitation stations in 
the North Atlantic area for the January 1947 
case (see Rex 1950 b, fig. 8) has indicated the 
presence of an area of above normal precipita- 
tion over Iceland and East Greenland. Accord- 
ingly the 10% isanomal, shown along the 
Norwegian coast, should turn sharply west 
and then south at about 65° N latitude joining 
the 10 % isanomal, shown just north of Scot- 
land, near Thorshayn. 


The Blocked Weather Regime in Europe 


In view of the statistical results previously 
reported (Rex 1950 b) and since variation 
between the three winter and the three summer 
blocked periods has been shown to be quite 
small, we may summarize the results obtained 


with some assurance as to their generality. The 


European weather regime associated with 
periods of Atlantic blocking activity may be 
described as follows: 


1. During winter the greater part of conti- 
nental Europe and the British Isles is domi- 
nated by a strong surface anticyclone, cen- 
tered over southern Scandinavia; accord- 
ingly, storm centers are displaced far to the 
north (orsouth),and storminess, as associat- 
ed with the passage of intense cyclonic 
systems, is more or less absent over the 
entire Continental area. Summer cases are 
characterized by a much less intense block- 
‚ing-anticyclone development and the ap- 
pearance of weak cyclonic systems, moving 
from the Black Sea area along a southwest- 
northeast track into south-central Russia. 
Moderate surface winds, in the northeast 
quadrant, prevail over the Continent gen- 
erally with strong northwesterly surface 
winds observed over northern Scandinavia. 
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Fig. 7. The European WINTER Precipitation Isanomal Pattern. Isanomal lines are given for 121/,, 25, 50, 100, 

150 and 200 percent of normal and are shown by the thin dashed lines. Areas recording precipitation 

amounts in excess of normal are indicated by the double hatching; areas recording precipitation amounts between 
so and 100 percent of normal are indicated by the single hatching. 


2. Precipitation amounts over the European precipitation disappear and supranormal 


mainland and British Isles are generally much 
below normal both winter and summer with 
greater than normal amounts observed over 
East Greenland, the North Atlantic and 
northwestern Norway. In winter additional 
isolated areas along the southern and eastern 
coasts of the British Isles; in the Austrian 
Alps; and over the east-central Atlantic, 
south-western Spanish mainland and north- 
west African coast, receive normal or greater 
than normal amounts. In summer the above- 
mentioned areas of greater than normal 


amounts are observed in isolated areas along 
the Swedish east coast; over central Russia; 
in the northeastern Carpathians; and over 


coastal areas adjacent to the western Medi- 
terranean. 


. Wintertime blocking produces above-nor- 


mal temperatures over the entire North 
Atlantic area, most of Scandinavia and 
northwest Russia, with maximum positive 
anomalies of 8° C in Spitzbergen, Iceland 
and the coastal areas of East Greenland and 


s° C in northern Scandinavia; simulta- 
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Fig. 8. 
Iso and 200 percent of normal and are shown. by 
amounts in excess of normal are indicated by the double hatching; areas recording precipitation amounts be- 
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The European SUMMER Precipitation Isanomal Pattern. Isanomal lines are given for 121/,, 25, 50, 100, 
the thin dashed lines. Areas recording precipitation 


tween so and 100 percent of normal are indicated by the single hatching. 


neously the European mainland and British 
Isles record below-normal temperatures, 
with maximum negative anomalies of 6—8° 
C over the Balkans and central-Europe. 
Summertime blocking produces a weaker 
temperature anomaly pattern which is 
shifted somewhat toward the south, giving 
above-normal temperatures over the north- 
central and North Atlantic, British Isles, 
France, the Low Countries, all of Scandi- 
navia and northwestern Russia, with maxi- 
mum positive anomalies of 3—4° C in the 
north-central Atlantic, southern Norway 


and extreme northwestern Russia. Negative 

‘anomalies for the summer season dominate 
the Spanish mainland, western Mediter- 
rancan, Balkans, central and northern 
Europe and western Russia, with maximum 
negative values of 5° C in extreme western 
Russia. 


Conclusion 


The results obtained from the analysis of 
the six blocked periods given in Table I 
indicate that the pattern of European climatic 
anomalies, associated with Atlantic blocking 
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action, is remarkably stable, both from season 
to season and, more especially, from case to 
case within one season. Accordingly, we may 
interpret the conclusions previously stated by 
Rex (1950 b), in so far as they relate to the 


isanomal analysis of the January 1947 and 


June-July 1949 cases, in a somewhat more 
general light. 

In a previous paper (REx 1950 b, figs. 13 
and 14) an attempt was made to demonstrate 
directly a relationship between the year to 
year variations in Atlantic blocking activity 
and corresponding year to year variations in 
mean-temperature and precipitation at various 
European stations (both winter and summer). 
Some success was achieved although from a 
statistical point of view the argument is largely 
inconclusive because of the short time-period 
over which a blocking index is available. If 
however one accepts the existence of such a 
relationship, it follows that long-term trends 
in the blocking index should be reflected in 
the observed long-term trends of European 
climate. Evidence exists showing a differential 
pattern of climatic change in the North At- 
lantic-European area which fits the form of 
the blocked pattern rather well. Confining 
our attention to the winter season, a con- 
tinuous increase is indicated in the level of 
winter blocking activity from the early 1910’s 
until the early or middle 1930’s, followed 
by a gradual decrease through the middle 
and late 1930's and a gradual rise through 
the 1940’s to the present time. The portions 
of this trend from 1933—1940 and from 
1945—1949 have been computed in a previous 
paper (Rex 1950 b). 

The picture presented is certainly not with- 
out gaps and contradictions but, by and large, 
shows for the winter season a large relative 
increase in the sea-level pressure over northern 
Europe and Scandinavia, a general decrease 
in Continental temperatures and precipita- 
tion (or at least a decrease in the rate of 
rise of these elements), and an increase 
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in the rate of rise of North Atlantic and 
Scandinavian temperatures and precipitation, 
beginning in each case in the early 1910's and 
extending some 20—25 years into the future. 
The 20-year mean winter pressure- and temp- 
erature-change patterns obtained by PETTERS- 
SEN (1949, fig. 2) and WILLETT (1950, figs. 3 
and 5) have already been mentioned in a 
preceeding paragraph. Additional evidence is 
the overlapping 30-year normals of pressure- 
difference, precipitation and temperature (Janu- 
ary) given by LysGAARD (1949, figs. 6, 7, 8,9, 
42, 43, 73, 74 and 75) and the mean winter tem- 
perature and precipitation trends for Iceland 
and Greenland given by EyrHorsson (1950, 
figs. 5 and 7) and HOVMÔLLER (1947, fig. 26). 
Certainly variations in the level of Atlantic 
(and Pacific) blocking activity can not explain 
the total climatic change which has been 
observed over the North Atlantic-European 
area (and Northern Hemisphere) during the 
past century. It is proposed however that 
variable blocking activity has been one factor of 
importance in conditioning the form of the change 
observed in certain areas. 

The physical factors responsible for the 
initiation and development of blocking action 
remain undisclosed. Accordingly it should be 
noted that, even if one accepts the concept of 
variable blocking activity as an important 
climatic conditioning factor, the two ques- 
tions “why” and “when” remain unanswered. 
Perhaps the first clue in this connection 
has been given by WiLLerT (1949, figs. 4, 
s and 6) in the form of mean winter pres- 
sure-, temperature- and precipitation-change 
charts for the period from a sunspot mini- 
mum to the following minor sunspot maxi- 
mum. The marked similarity between fi- 
gures 3, 5 and 7 and the change-patterns 
found by Willett invite a more detailed exa- 
mination and may provide a means of identi- 
ying the physical mechanisms responsible for 
the initiation and development of atmospheric 


blocks. 
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Data Sources 
A. Sea-Level and Upper-Air Charts and Analyses. 


1) Daily soo mb analyses (not published) prepared by 
B. Bolin, Institut för Meteorologi, Stockholm’s 
Högskola, Stockholm. Feb. 1948. 

2) Daily soo mb analyses (not published) prepared by 
D. F. Rex, Institut för Meteorologi, Stockholm’s 
Högskola, Stockholm. Jan. 1947. 

3) Daily sea-level analyses (not published) prepared at 
Sveriges Meteorologiska och Hydrologiska Institut, 
Stockholm. Jan. 1947, Feb. 1948, June—July 1949 
and Jan. 1950. 

4) Historical Daily Weather Maps, Northern Hemi- 
sphere (sea-level and 3000 dynamic meters) published 
by the Joint Meteorological Committee, Washing- 
ton. May 1935. 

5) Täglicher Wetterbericht (sea-level and soo mb) 
published by Deutscher Wetterdienst in der US- 
Zone, Bad Kissingen. Aug.—Sept. 1947, June—July 
1949 and Jan. 1950. 


B. Monthly and Yearly Climatological Bulletins, Sum- 
maries and Yearbooks. 


1) Anais do Observatörio Central Meteorolögico; II 
Parte; Vol. LXXIN; Lisboa. 

2) Anales del Instituto y Observatorio de Marina; 
Seccion 3a: Observaciones Meteorolögicas y Magné- 
ticas; San Fernando. 

3) Annalen der Schweizerischen Meteorologischen; 
Zentralanstalt, Zürich. 

4) Annärio Climatolögico De Portugal; I Parte: Conti- 
nente E Ilhas Do Atläntico — Norte; Servico Me- 
teorolögico Nacional; Lisboa. 

5) Annuaire de l’Institut de Physique du Globe; I 
Partie: Météorologie; Université de Strasbourg, 
Strasbourg. 

6) Annuaire de l’Institut Météorologique de la Répu- 
blique Tchécoslovaque; Prague. 

7) Annuaire des L’Institutes Météorologiques D’Etat, 
Praha et Bratislava; Instituts Météorologiques 
D’Etat; Praha et Bratislava. 

8) Annuaire des Observations Météorologiques de 
l'Observatoire au Lomnicky Stit; Instituts Météoro- 
logiques D’Etat; Praha et Bratislava. 

9) Annual Report of the Mountain Meteorological 
Observatory Sljeme; Hydrometeorological Service 
of the People’s Republic of Croatia; Zagreb. 
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10) Bollettino Idrologico Mensile; Servizio Idrografico; 
Firenze. 


11) Bollettino Mensile; Ufficio Idrografico del Magi- 
strato Alle Acque Venezia; Servizio Idrografico; 
Roma. 


12) Boletin Mensual Climatolögico del Servicio Meteo- 
rolögico Nacional; Ministerio Del Aire; Madrid. 

13) Bulletin mensuel de Institut Royal Météorologique de 
Belgique; Uccle. 

14) Bulletin Météorologique Tchécoslovaque; Instituts 
Météorologiques D’Etat; Praha et Bratislava. 

15) Daily Weather Report of the Meteorological Office; 
International Section and British Section; London. 

16) Deutscher Meteorologischer Dienst in der Sowjetisch 
besetzten Zone, Deutschlands; Deutsches Meteoro- 
logisches Jahrbuch; Teil III Niederschlagsbeobach- 
tungen; Berlin. 

17) Deutscher Wetterdienst in der US-Zone; Witterungs- 
bericht für Februar 1948, (etc.); Zentralamt; Bad 
Kissingen. 

18) Deutsches Reich; Deutsches Meteorologisches Jahr- 
buch; Teil I Monats- und Jahresergebnisse; Berlin. 

19) Jaarboek; A. Meteorologie; Koninklijk Nederlands 
Meteorologisch Instituut; The Hague. 

20) Jahrbücher der Zentralanstalt für Meteorologie und 
Geodynamik; Wien. 

21) Maanedsoversigt over Vejrforholdene; Det Danske 
Meteorologiske Institut; Kobenhamn. 

22) Mänadsöversikt av Väderleken i Finland; Meteorolo- 
giska centralanstalten; Helsinki. 

23) Mänadsöversikt över väderlek och vattentillgäng; 
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Das Halophänomen in Nyköping am 3. Okt. 1580 


Im Stadtarchiv zu Göttingen (Deutschland) ist 
die von Franz Lübeck (Lubecus) 1573 begonnene, 
handgeschriebene »Braunschweigisch-Lüneburgische 
Chronik» aufbewahrt. Zwischen den Seiten 456 und 
457 des 2. Bandes ist ein Blatt (15 x 15 cm) mit der 
Federzeichnung eines Halophänomenes eingeschaltet 
(s. Abb.). Im Stile damaliger »Briefmalerm sind Ne- 
bensonnen und Sonne mit Gesicht und Strahlen- 
kranz dargestellt. Der Name des Beobachters oder 
Zeichners fehlt. Die Bildunterschrift, in deutschen 
Schriftzeichen, lautet: 


Diss Wund Zeichen ist zu Nienköppen in Schwe- 
den den 3. Octob. dieses 80. Jars bey lichtem tage 
vmb 9 vhr von vielen gesehen worden. 


Die Rückseite der Zeichnung trägt die lateinische 
Inschrift: 


pio honesto ac bene morato iuniori Conrado 
Schluetero Gottingenssi sub Musarum castris in- 
clitae Hannoverae Gymnasio militanti suo dilecto 
et sororis suae filio dantur. 


und die deutsche Anschrift: 


Dem Erbarn und achtbarn Johan Osterwalden 
F.G. amptsverwalter zur Erichsburg meinen gross- 
gunstigen Herrn vnd Swagern. 


‘An der Zeichnung dieses oft beschriebenen Halo- 
phänomens sind bemerkenswert: 1. Die Ungenauig- 
keit, 2. der Aufbewahrungsort und 3. das Alter der 
Beobachtung. 

1. Der kleine Ring von 22° Halbmesser und der 
grosse Ring von 46° müssen konzentrisch um die 
Sonne stehen; der Radius des oberen Berührungs- 
bogens am kleinen Ring dürfte zu klein sein. — Man 
gewinnt aus der ganzen Darstellung überhaupt den 
Eindruck, als ob der Zeichner nicht selbst beobachtet, 
sondern auf Grund einer ungenauen Beschreibung 
gezeichnet hat. 

2. Franz Lubecus, Pastor an der St. Johannis-Kirche 


zu Göttingen, hat in der erwähnten Chronik viel 
geschichtlichen Stoff gesammelt u.a. auch Schilde- 
rungen über Unwetterschäden (Blitzschlag, Hagel, 
Überschwemmung usw.) Als Sammler merkwür- 
diger Begebenheiten hat er die schwedische Beob- 
achtung aufbewahrt, ohne sie freilich im Text zu 
erwähnen. Der Zeichner des Blattes und der Weg, 
den das schwedische Beobachtungsergebnis nach 
Deutschland genommen hat, sind heute jedoch nicht 
mehr festzustellen. 


3. Für die Zeit 1500—1599 hat Sauer? 15 
Beschreibungen über Nebensonnen in Europa 


1 SAUER, JOHAN; Pareliographia: Das ist warhafftige 
Beschreibung dreyer Sonnen/welche den 13. Maï 
dieses 1622. Jahrs auff den Abendt/von 4.an/biss vmb 
6 Vhr/zu Salfeldt in Thüringen/vnd andere deren Orten 
mehr/erschienen vnd gesehen worden — Geraw an der 
Elster 1622. 
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beigebracht, ohne das Phänomen in Nyköping 1580 
zu erwähnen. Auch Drucuuım? führt es in seinem 
Verzeichnis der Einblattdrucke gleichfalls nicht auf, 
sondern gibt als ersten Einblattdruck über skandi- 
navische Nebensonnen die wesentlich spätere Beob- 
achtung vom 7. Januar 1681 in Stockholm an: 
»Entsetzlicher Sonnen-Stand in dem schwedischen 
Norder- Land». 

Falls überhaupt ein Einblattdruck über Nyköping 
1580 gefertigt worden ist, würde er wohl in der kgl. 
. Bibliothek zu Stockholm aufbewahrt werden. Das 
ist aber nicht der Fall. 

Wenn auch die erste Halo-Beobachtung in 


2 DrucuziN, W.: Historischer Bilderatlas 2, Leipzig 
1867. 


NOTES 


u 


Schweden vom 20. April 1535 datiert® so darf 
doch die hier reproduzierte Zeichnung, die ja noch 
vor den Beobachtungen von Tycho Brahe auf Hven 
gefertigt wurde, als eine der ältesten Nebensonnen- 
darstellungen aus dem skandinavischen Raume 
angesehen werden. ~ 

Meinen herzlichen Dank sage ich der kgl. Biblio- 
thek sowie dem Meteorol.-Hydrol. Institut zu Stock- 
holm für die freundlichen Auskünfte, Stadtarchiv- 
direktor Dr. W. van Kempen zu Göttingen für die 
Erlaubnis zur Reproduktion der Zeichnung. 


3 Vergl. die Beschreibung eines Gemäldes in der 
Storkyrka zu Stockholm von Göran Axel-Nilsson: 
Urban Mälare — St. Eriks Ärsbok 1941, 75: 


Heinz Dieterichs, Göttingen. 


International Congress on Alpine Meteorology 


Milano-Torino, September 20—22, 1950 


The meteorology of the Alps is a matter of inter- 
national relevance not only because the Alpine 
region politically is divided between severalcountries 
but also, and above all, because the general problems 
of Alpine meteorology are of great importance 
for our knowledge of the thermodynamics, kine- 
matics and dynamics of the atmosphere. Thus, while 
it is natural that the study of these problems is 
concentrated on the whole to those countries which 
are most directly interested, it is important that 
methods and results of current investigations are 
communicated to and studied by practical and 
theoretical meteorologist all over the world. From 
this point of view, it can not be appreciated too 
much that Prof. Bossolasco, who took the initiative 
to a first international meeting on Alpine meteoro- 
logy, invited meteorologists and geophysicians not 
only from France, Switzerland, Germany, Austria 
and Italy, but also from more distant countries to 
participate, giving those who were happy enough to 
follow his invitation an excellent opportunity to 
get acquainted with the thoughts and endeavours 
of colleagues in many countries. 

The congress opened on Sept. 2oth in Milano, 
where lectures and discussions were held at the Uni- 
versity Institute of Agriculture. The following brief 
summary of a greater part of the lectures held 


during the congress will show that a wide sector 
of meteorological questions with bearing upon 
Alpine climatology and geophysics was dealt with, 
thus giving an all-round picture of what is known 
and what is doubtful in this field of natural science. 
For a more detailed study, reference is made to the 
official report of the congress}. 

Professor Furtz (Chicago) gave an account of 
the experimental studies of a polar vortex carried 
out at the Hydrodynamics Laboratory of the De- 
partment of Meteorology, University of Chicago 
(see Tellus 2, 3, pp. 137— 149). Professor SCHNEIDER- 
Cartus (Bad Kissingen) discussed the vertical struc- 
ture of the lower troposphere over the Alps; he 
pointed out that whilst the climate of a mountain 
range as a whole belonged to the macroclimatology, 
and the climate of the layer nearest the ground to 
the microclimatology, the complicated problems 
concerning the climate of the individual valleys 
and slopes might be said to be a matter of mesocli- 
matology. Of these problems, he discussed in some 
detail, i.a., the duration and thickness of snow- 
cover, the vertical distribution of the relative hum- 
idity, and the factors determining formation of 


= 1950: Atti del Primo Convegno Internazionale 
Di Meteorologia . Alpina. Geofisica Pura E Applicata, 
XVII; 37 
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thunderstorms over high ground. Professor STEIN- 
HAUSER (Vienna) presented the results of a unique 
series of weekly measurement of snow cover on and 
near the Gross-Glockner highway, which gave a 
clear picture of the annual variation of the depth 
of snow at different localities as determined by 
precipitation, temperature, wind, and evaporation; 
the very great variability, locally and with time, 
of the snow depth was particularly stressed. Professor 
BERG (Cologne) discussed the effect of foehn winds 
on human beings, which varies from apathy in 
some cases to agressivity in others; in connection 
with a summary of possible explanations he pointed 
out that the effects of the north foehn would seem 
to be negligible as compared with those of the south 
foehn. Dr. THams (Locarno), who described the 
variation of solar radiation as observed near Lo- 
carno, pointed out that the loss of incoming radia- 
tion in the layer between 1100 and 400 m is partic- 
ularly small on days when a (northerly) foehn is 
blowing, and discussed whether it would be advis- 
able or not to fix “normal” values of the radiation 
from a clear sky. Dr. Bover (Montana) discussed 
peculiar wind conditions observed in the Rhone 
valley above the Lake Geneva: after the passage 
from the west of a cold front or a local thunderstorm, 
cold air flows rapidly down the valley and may 
even cross the eastern part of the Lake Geneva, 
giving rather strong southeast winds near Lausanne. 
Civil Engineer STRIFFLING (Lyons) presented some 
aspects of the distribution of precipitation in the 
French Alps, pointing out that there is a marked 
difference between the northern and the southern 
part of this area: in the northern part, the amounts 
are great, the summer being as wet as the autumn, or 
even wetter; in the southern part, the total annual 
amounts are considerable smaller, and the precipita- 
tion during autumn here is s0-—100 % greater than 
that of the summer. Synoptical research, using upper 
air charts also, is being carried on to show which 
distribution of precipitation in the French Alps is 
characteristic for certain well-defined weather types. 
Professor BossoLasco (Milano) described the occurr- 
ence of north foehn in the Italian Alps pointing out 
its peculiar character of radially converging winds 
inside the arc of mountain which surrounds the Po 
valley. Instructive records of thermo- and hygro- 
graphs were shown in connection with a discussion 
of the synoptical situations which give rise to this 
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type of foehn winds. A case of the so-called “Dim- 
mer” foehn, a peculiarly strongly developed south- 
erly fochn observed in Switzerland, was discussed 
in detail by Dr. K. Frey (Olten). Professor EKHART 
(Innsbruck) discussed the vertical and horisontal 
distribution of meteorological elements in the Alpine 
region. He defined the slope atmosphere (a thin 
layer nearest to the ground), the valley a. characteriz- 
ed by strong convection systems and valley winds, 
the mountain a. covering each mountain massive 
and influenced by this thermically or dynamically 
(or both), and the free a. where the influence of the 
mountains is negligible. As for the geographical 
zones, he distinguished between the central zone, 
northerly and southerly border zones and northerly 
and southerly foreland zones. 

On the evening of the 21st, the members of the 
congress went by train to Torino, and the meeting 
was reopened there on Sept. 22nd. Lectures were 
held in the Physical Institute of the University 
and dealt with glaciological problems; above all 
problems concerning the decay of glaciers in the 
Alps which has been observed during this century. 
A very instructive series of photos showing the 
retreat of the Rhone glacier was shown by Prof. 
P.-L. MERCANTON (Lausanne). | 

Professor SOMIGLIANO, the 90 year old Dean of 
Italian geophysics, participated in the meeting at 
Torino and was honored by an official dinner to 
which all foreign participants in the conference 
were invited. 

The following day, Sept. 23rd, was devoted to 
an excursion to a meteorological station, D’Ejola, 
1800 m above sea-level, just to the south of Mt. 
Rosa. The weather was excellent, and the journey 
afforded an ideal opportunity to observe the nature 
of this part of Italy. 

The meteorological station of D’Ejola, a few 
kilometers to the north of the small town, Gressoney- 
la-Trinité where the road terminates, was established 
by the late Italian scientist, Monterin, who was born 
in this neighbourhood and devoted his life to further 
our knowledge of the physical geography of this 
part of Italy. Prof. Somigliano, who had once 
been the teacher of Monterin, participated in the 
whole excursion and gave an account of his work, 


which was mainly within the field of glaciology. 
E. Hovmöller, Stockholm. 
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